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Preface 

The Space Programs Summary h a six-volume, bimonthly publication that documents 
the current project activities and supporting research and advanced development 
efforts conducted or managed by jPL for the NASA space exploration programs. The 
titles of all volumes of the Space Programs Summary are: 

Vol. I. The Lunar Program (Confidential) 

Vol. »i. The Planetary-Interplanetary Program ^Confidential) 

Vol. III. The Deep Space Network (Unclassified; 

Vol. IV. Supporting Research and Advanced Develop»nent (Unclassified) 
Vol. V. Supporting Research and Advanced Development (Confidential) 
Vol. VI. Space Exploration Programs ond Space Sciences (UnclasJfiedl 

The Space Programs Summary , Vol. VI consists of an unclassified digest of appro- 
priate material from Vols. I, II, and III; an original presentation of technical supporting 
activities, including engineering development of environmental-test facilitie. , ^rJ ^ual- 
assurance and reliability, ond a reprint of the space science instrumentation st idies 
Vols. I and II. 
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!. Systems Analysis 


A. Effect cf Non-Grcv? ational 
Perturbations on Minimum 
Energy Interplanetary 
Transfer Orbits 

G. A. Ffandro 

1 . Introduction 

The purpose of this article is to establish jthe relative 
importance of several non-aerodynamic, non-gravitational 
orbital perturbations. Numerical results are given for the 
following effects: (1) solar radiation pressure, (2) reaction 
forces due to leaks in pressurized systems, (3) perturba- 
tion due to unbalanced attitude control reaction devices, 
(4) reaction force due to directional antenna emission, 
and (5) reaction force due to u asymmetrical emission of 
thermal energy from the spacecraft surfaces. Comparisons 
of these effects are made in terms of change of magnitude 
of the miss vector at the target planet, aB, which would 
result if the orbit were not corrected for the perturbing 
effect. Hohmann minimum energy ellipses are used as 
basis orbits for computational simplicity. An asymptotic 
expansion technique due to Kevorkian aud Cole (Refs. 1 
and 2) was utilized for most of the perturbation calcu- 


lations. Mathematical modeb for the pertuibing effects 
evaluated here were discussed previously in SPS 37-30 , 
Vol. IV, pp. 6-14. The notation used is defined in Table 1. 

Table 1. Definition of symbols 


semi-major axis of unpertuibed orbit 

projected area of spacecraft in radial direction 

change fti impact parameter due to perturbation 

parameter defining magnitude of ith perturbation 

solar radiation pressure force coefficient (K = r, <P, n) 

solar radiation pressure moment coefficient (K = r, 0, n) 

effective spacecraft surface emissivity 

force due to gas leakage (K = r, 0, n) 

antenna moment arm 

attitude control jet moment arm 

spacecraft mass 

antenna radiation power 

time of flight 

total high- gain transmission time 

radial temperature differential 

attitude control jet unbalance factor 

angle between antenna pointing direction and — r axis 


Subscripts 


r radial direction 
# transverse direction 
» normal direction 


1 
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Table 2. Typical spacecraft characteristics 


Target 

Semi-major 
axis of mini- 
mum energy 
orbit, AU 

Spacecraft 
mass m, kg 

Radial pro- 
jected area 
A, m* 

High-gain 
transmission 
power P, w 

n> /kg 

Ct, 

mV leg 

— 

w/kg 

Mercury 

0.693 

273 

3.5 

10 

llx 10 -’ 



1.9 x 

Venus ( Jlarinet II) 

0.861 

203 

4.0 

3 

2.7 X 10- : 

1.7 x 10- 1 ' 

1.4 x i r- 

Mars ( tiariner TV) 

1.26 

260 

11.0 

10 

4.7 x 10-* 

— 

2 X 10-’ 

Astern d (Ceres) 

1.89 

500 

3.0 

10 

1.8 x 10-’ 

— 

2 X 10-* 

Jupitff 

3.10 

590 

3.0 

20 

2.5 X 10-’ 

- 

4 X 10-* 

•Frmr flight data 


2. Spacecraft Characteristics 

Hie spacecraft parameters which determine the mag- 
nitudes of the micro^ccelerations produced by the per- 
turbing effects o' *. collected into several characteristic 
dimensional group? as defined in Table 2. These are based 
on simplified versions of the perturbation models given in 
SPS 37-30, Vol. IV, pp. 6-14. The following assumptions 
were made to facilitate the order-of -magnitude perturba- 
tion calculations: (1) spacecraft mass remains constant 
from injection to planetary encounter, (2) vehicle is 
attitude-stabilized and Sun-oriented, (2) the dominating 
attitude disturbing moment is generated by solar radi- 
ation pressure acting on an asymmetrically-mounted high- 
gain antenna, (4) perturb mg forces due to gas leakage 
from pressurized systems remain constant in direction and 
magnitude, (5) radio transmission from the directional 
antenna is uniformly distributed in time, and (6) high- 
gain antenna pointing direction remains essentially fixed 
throughout flight. 

Typical values for the perturbation coefficients are 
given in Table 3 for several representative space vehicles. 
Flights beyond the orbit of Mars are assumed to involve 


spacecraft which do not utilize solar power generation. 
The parameters used in the calculations for these veiiieles 
are based on the conceptual designs presented in £ef. 3. 

3. Effect of Perturbations on Hohmann Crbifs 

The order-of-magnitude perturbation calculations were 
based on the “two time- variable” asymptotic expansion 
technique (Ref. 1 and SPS 37-30, Vol. IV, pp. 6-14). Radial 
perturbations proportional to the inverse square of the 
radial distance r were estimated by adjusting the solar 
gravitational constant. 1 Circular orbits with zero incli- 
nation to the ecliptic were assumed for all planets, and 
minimum energy transfer ellipses were utilized as basis 
orbits. The change in the magnitude of target miss vector 
B was calculated for each component of each perturba- 
tion, 2 and the results are presented in graphical foim in 


‘Melbourne, W. G., "Radiation Pressure Perturbations of Inter- 
planetary Trajectories,” Technical Memorandum No. 312-151, Jet 
Propulsion Laboratory, Pasadena, California, December 11, 1961. 

l B is a vector with magnitude equal to the perpendicular dis- 
tance between the centei of the target planet and the incoming 
asymptote of the unperturbed trajectory. 


Table 3. Perturbation coefficients 


Perturbation 

Coefficient 

Radial 

Transverse 

Normal 

Solar radiation pressure 

C, = j(SdA 

in 

c. = £^ 

fJl 

C, = ( C lh A 
m 

Leaks in pressurii.'xl system 

c. = £k 

c. = ^ 
fn 

m 

Attitude control reuc ion device unbalance 


«-(«.*** 

'•(tw 

High-gain antenna emission 

°- = m (t) COS ' 



Unsymxnetrical emission of thermal energy 

c .,=^ m 

in 
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SEMI-MAJOR AXIS OF UNPERTURBED ORBIT .? 0 . AU 

Fig. I . Change in target mis*, vector due to *oiar 
radiation pressure (radial component) 

Figs. 1-12. The absolute value of the change in the miss 
vector, in each case is plotted against the unperturbed 
semi-major axis of the transfer orbit. Plots are given for 
several values of the corresponding characteristic quan- 
tity Ci , These are intended to bracket the expected range 
of values for the spacecraft designs considered here. Plots 
are included for radial, transverse, and normal compo- 
nents of most perturbations, although transverse and 
normal components should be negligible for Sun-oriented, 
attitude-stabilizod spacecraft in most cases. The plots 
indicate that the non- radial effects could become 
important for tumbling vehicles, for spacecraft with 
asymmetrical reflectivity patterns, and in the cast of 
unbalanced attitude control devices with thrust compo- 
nents in the normal or tangential directions. 

The effect of thermal energy emission was estimated 
by assuming a radiation pattern symmetrical about the 
radial direction with an average temperature differential 
iT between the illuminated and unilluminated surfaces. 



SEMI-WAJOR AXIS OF UNPCRTURBED ORBIT a c , AU 

Fig. 2. Cf jngt in *arg*S miss vector due »o solar 
radiation pressure (transverse component) 

N on-radial effects may be of importance in the case of 
vehicle designs utilizing onboard energy generation sys- 
tems with associated energy radiation devices. The plots 
of Fig. 12 are typical of solar- powered. Sun-oriented 
spacecraft. A value of C 12 = 10* corresponds to a tem- 
perature differential of about 30° K. 

No attempt has been made to include estimates for the 
perturbing effect of micrometeorite impacts, due to the 
present uncertainty in flux density. Some studies 3 indicate 
that perturbations fiom this source could exceed the solar 
radiation pressure effects. The results for the gas leak 
perturbation (Figs. 4, 5, 6) can be used for a rough esti- 
mate of the effect of micrometeorite flux (or other per- 
turbation), if the acceleration is assumed constant in 
magnitude and direction throughout flight. 


Stephenson, R. H., “On the Possibility of Measurable Spacecraft 
Attitude and Trajectoty Perturbations due to Micrometeoroid Pres- 
sure,” TOM 312.5-66, jet Propulsion Laboratory, Pasadena, Cali- 
fornia, January 7, 1905. 
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SEMI-MAJOR AXIS OK UNPERTURBED ORBIT fl 0 » AU 

Fig. 4. Chang* in target miss vector due to pressuris ed 
system leaks (radial component) 
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sem;-major axis of UNPERTURBED ORBIT a Qt AU 

Fig. 11. Chang? in target mis* vector duo 'o high-gain 
antenna emission (transverse component) 
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B. An Investigation of the 
Orbit Redetermination 
Process Following the 
First Midcourse 
Maneuver 


J. O. Light 


I. Introduction to the Problem 

The design and analysis of deep space missions re- 
quires a knowledge of our bility to determine the flight 
path of the spacecraft from Earth-based observations. In 
fulfillment of this requirement, pre-mission orbit deter- 
mination techniques are utilized to predict the magnitude 



0.5 I 0 .5 £.0 2.5 30 3.5 

SEMI-MAJOR AXIS OF UNPERTURBED 0R3IT a Q , AU 

Fig. 12. CS&ngfc in target mUs vector due to 


thermal energy emission 

of the orbit detenninati:,.i uncertainties which will be 
encountered on various trajectories. These pre-mission 
studies are usually accomplished by the JPI Orbit Deter- 
mination Program (ODP), a complex 709*4 program which 
yields numerical characterizations of the covariance 
matrix of estimated quantities on a particular trajectory. 
The inherent complexity of this program, though neces- 
sary to derive accurate estimates for a specific trajectory, 
hinders its ability to explain the parametric de jendence 
of the orbit determination knowledge upon certain geo- 
metric characteristics of trajectories. We thus need to 
dr eipp analytical techniques and simple model simula- 
tions which can perform thi; task, and isolate those 
properties of the flight path which are truly crucial to 
adequate orbit determination, ft is clear that such tech- 
niques will be essential to the eventual understanding of 
the complexities involved in the numerical solution of 
orbit determination problems. These types of analytic 
methods have been developed and used to investigate 
the characteristics of the orbit redetermination process 
following the first midcourse maneuver of an inter- 
planetary mission. 


8 
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2. Orbit Redetermination and the Simple-Model 
Simulation 

On a typical interplanetary mission, the first midcourse 
correction to the trajectory is performed a few days past 
injection on the basis of the orbit determination knowl- 
edge accrued near the Earth. After this maneuver, an 
estimate of the new trajectory is obtained by using a 
priori estimates of the position and velocity of the probe, 
and new doppler data which is accumulated following 
the maneuver. A simple model has been employed to 
represent the trajectory of the spacecraft immediately 
following tins first midcourse correction. The near-Earth 
portion of the trajectory is a hyperbola with one focus 
at the Earth. By the time of the midcourse maneuver, the 
probe is, for all practical purposes, on the asymptote of 
the escape hyperbola. To a first approximation, then, the 
probe is traveling away from the Earth on a straight line 
which is displaced from theEarth by some distance, con- 
ventionally referred to as \b\, the magnitude of the miss 
vector. This geometry is shown in Fig. 13. For the pur- 
poses of this study, we shall assume that the motion of 
the probe consists of this nominal straifht-line motion, 
with perturbations caused by effects such as the gravita- 
tional attraction of the Sun. 


the noise on the doppler is stationary and unconelated, 
and we neglect a priori estimates, then the covariance 
matrix of the estimated quantities can be written : 

‘ ( 1 ) 

where 

B | |&.“] 

* “ \jth dq n J 

crp A variance of doppler noise 
m a number oi* observations 

The quality of the orbit determination knowledge ob- 
viously depends upon the parti? Is d.j>i/dq n . In particular, 
it can be easily demonstrated that the elements of the 
covariance matrix become unbounded if these partials are 
linearly dependent over the tracking interval; if these 
partials are almost linearly dependent, then the covari- 
ance matrix is large though finite, and poor orbit; deter- 
mination knowledge will be obtained. Our initial inquiry 
will then be directed toward the analytic form of these 
partials along the simple model of the probe s motion 
following the first midcourse maneuver. 


Also, for the purposes of this study, we shall assume 
that the pre-mission orbit determination process can be 
reduced to the following computations. If we derive a 
linear unbiased minimum variance estimate of n quan- 
tities using m doppler readings p it and we assume that 


In general, these partials can be derived as follows: 


Ht) = 


rjtyv ( t ) 
|r(t)| 


( 2 ) 
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Fig. 13. Near-Earth geometry 


where r (t) is the position vector of ihe spacecraft relative 
to the observing station, and v (t) is the velocity vector 
of the spacecraft relative to the observing station. 

By differentiating, we obtain 


dp(t) 


1 r v/ /* S **W. 

P®iL.?A , ‘ w "55r +w 



r(t)'v(t) d 

" |f(#)| 5 


[|r(*)|l 


(?) 


We shall assume that the quantities we want to esti- 
mate are the three components of the spacecraft's veloc- 
ity immediately following the first midcourse maneuver. 
We shall further assume that the position of the space- 
craft is known at the time of the midcourse maneuver, 
and that the maneuver contributes only velocity un- 
certainties, leaving the position known. The partial 


0 



1 m 




JPL SPACE PROGRAMS SUMMARY NO. 37-33, >VOL. IV. 


derivatives that will icsult from this model are complex 
functions of the slate vector in a general coordinate sys- 
tem. However, ^ r-rderable simplification is possible with 
a proper choice or coordinate system, i.c., that coordinate 
system which take; advantage of the near straight-line 
motion of the spac* ‘craft. V.Tien we begin tracking the 
spacecraft immediately following the first inidccurse 
maneuver (hereafter referred to time t 0 ), it is moving 
away from rhe Earth with a velocity V ft . The plane deter- 
mined by this velocity vector and the position vector from 
the bary center of the Earth-Moon system to the probe 
is the plane of motion jf the probe. As shown in Fig. 14, 
we will choose the 1 direction along the velocity vector 
of the probe at t 0 , the 2 direction in the plane of motion 
perpendicular to 1, and the 3 direction out of the plane 
of motion, completing the orthogonal system. 

Having assumed near straight-iine motion of the space- 
craft, and having specified the coordinate system and 
quantities to be estimated, it can be shown the general 
form of the partiais in Eq. (3) reduces to 

2p(t) _ , 

C®j>l (*«) 

JpW_ = l (t)/t-t a \ r-zjt) tn 

cv K ii„) v„ \ t } v H t- 

dj>(t) , fiji) t„ 

a>pi(U) V„ \ * ) ‘ V„ ? (4) 



Fig. 14. Near-Earth orbit ^determination 


lO 


where v pi (t 0 ) ^ velocity component of the probe relative 
to the barycenter, immediately foLowing the midcourse 
correction; v, (t) a velocity component of the probe rel- 
ative ie the observing station, at some later time t; and 
Tj(t) ± position component of the probe relative to the 
obserting station, at some later time t. 

3 . Possible CorJributions to the Analytic Form 
of the Partiais 

The partiais of the dopnler data in the 2 and 3 direc- 
tions will be dependent open the terms r^(t) and Vj(t), 
which are the components of position and velocity of the 
probe relative to the observing station. These terms con 
sist of the nominal-straight-line motion of \he probe rela- 
tive to the barycenter, the deviations oi the probe from 
straight-line motion, and the motion of the observing sta- 
tions relative to the birv center, which causes apparent” 
deviations from straight-line motion. There are four pos- 
sible contributions to these terms in the 2 and 3 direc- 
tions: (1) the displacement of the V„ vector from the 
barycenter, i.e., the perpendicular distance to the line 
ot motion of the probe, (2) the motion of the center of 
the Earth with respect to the barycenter, (3) the motion 
of the observing stations with respect to the center of 
the Earth, and (4) the bending of the trajectorv of the 
spacecraft due to the gravitational field of the Fun. Each 
of these effects is described in detail in the following 
paragraphs. 

a . Effect I, the displacement of the line of motion . The 
perpendicular distance from the bar>\'enter to the line 
of motion of the probe is closely related to the b vector 
of the original near Earth hyperbola. It is typically 
25.000 km on an interplanetary trajectory', though it varies 
with the V w of thatjrajeotoiy. From the definition of our 
coordinate system, b lies solely in the 2 direction. Thus 
dp (t)/dv p ~ (to) will never be zero, but the partial derivative 
in the 3 direction is not affected. 

b. Effect 2 , the rotation of the Earth around the bary- 
center . The center of the Ecrth rotates about the 
barycenter with a period of 27.3 days, and an amplitude 
of about SOCK) km. The plane of motion is inclined at a 
few degrees to the ecliptic, and components of this motion 
can appear in the 2 and 3 directions. Notice [Eq. (4; j that 
contributions to the analytic partiais can occur from both 
non-zero position coordinates r, (t) and non-zero veloc- 
ities v } (f) \n either the 2 or 3 direction, Thf nonzero 
position coordinates correspond to the conventional 
parallax effect, which is well-known. A changing v } (t) 
effectively means we are obserting the trajectory of the 
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probe from different “viewing angles,” a condition long 
recognized to be an aid to good orbit determination 
knowledge However, the contributions of the v f ( t) terms, 
which we shall hereafter refer to as “velocity parallax,” 
also affect the partials. The presence of these terms indi- 
cates that Ave obtain contributions to the orbit determi- 
nation partials in a particular direction because of the 
relative velocity of the ebserving station and the probe 
in that direction, regardless of the resulting position 
changes. It is important understand the distinction be- 
tween the conventional position parallax and the velocity 
parallax described above, for in the case ol straight-line 
motion the dominant effect will turn out to be the velocity 
parallax. A brief discussion of the basic doppler equations 
will be helpful in understai ding the source of the parallax 
effects. 


p(t)=-4s-.|j(t) (5) 

! r (f) | 

Both the position and velocity of the probe at time t 
are functions of the velocity at some earlier time f n . In 
functional form 


o) = — (*,t?o)*5(f,Cu) 

r 


(6) 


Now observe, for example, the contributions from the 3 
direction. Because of the dot product, non-zero position 
coordinates in the 3 direction are necessary to observe the 
instantaneous velocity v A (f, t3„); and non-zero velocities 
in the 3 direction are necessary to observe the instantane- 
ous position , (f, But both the instantaneous and 
r 3 are functions of as shown, so that both effects give 
us information about u„. The relative contributions of 
these two phenomena to the orbit determination knowl- 
edge will vary with the orbit determination problem; for 
some types of problems the position parallax may domi- 
nate, while for others (straight-line motion; the velocity 
parallax may domin ate. In the general case though, both 
effects will be present and their relative importance must 
be a matter of concern for analytical orbit determination 
studies. 


Referring back to the motion of the center of the Earth 
with respect to the bary center, we shall obtain sinusoidal 
contributions to the partials in both the r; (t) and t> ; (*) 
terms. The size of these sinusoidal terms will be deter- 
mined by the amplitude and period of rotation, and by 
the orientation of the motion with respect to the 2 and 3 
directions. In the general ease, we will have sine and 
cosine terms in both the 2 and 3 directions. 


c. Effect the rotation of the observing stations . The 
observing stations rotate in a plane displaced from and 
parallel to the equatorial plane of the Earth with a pe- 
riod of 1 day and an amplitude of about 5500 km. The 
discussion of barycenter rotation applies equally well to 
this rotation, with the addition of the constant terms 
describing the displac?ment of the planes of rotation from 
the center of the Earth. In the general case, then, we will 
get sine, cosine, and constant terms in the 2 and 3 direc- 
tions. including both position and velocity parallax, and 
the magnitude of these terms will again be determined 
by the amplitude and period of rotation, the size of dis- 
placement, and the orientation of these motions with 
respect to the 2 and 3 directions. 


d. Effect 4, the gravity bending effect As the space 
'"aft moves away from the Earth, its position in the 
gravitational field of the Sun changes. With this change 
in position, the spacecraft and Earth experience different 
gravitational atti actions toward the Sun, resulting in a 
curvatui 2 of thje spacecraft's trajectory as viewed from 
the Earth. In general this curvature can occur both in 
the plane of motion of the probe, and norma! to that 
plane, resulting in a changing instantaneous plane of 
motion relative to the Earth. In the general case, the 
perturbations to the straight-line motion will result in 
; on-zero position and velocity components in ail direc- 
tions, which can be shown to approximately obey 


l 

nl 

l 

{Ar(0} ~ K 

. n 


(* a - n) 

2 

(t-t») 2 (t + 2t 0 ) 
6 


(7) 

(8) 


where 


h 0 and l in 
\ n 

are a constant and a constant vector, respectively. These 
perturbations to the straight-line motion can bz evaluated 
only after computing 


/ l 

ho and jm 

but they are presented in this form to display their time- 
dependence. While the previous effects (Earth’s rotation 
etc) introduced r f (t) and v } (f), which were constants or 
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sinusoidal oscillations with constant amplitudes, tlie 
perturbations from this last effect are polynomials, which 
become very large for large values of t. This implies that: 

(1) for large values of t f the gra\ity bending effects will 
probably dominate, unless elements of 



are zero, and (2) as t gets very large, the position devi- 
ations due to gravity bending get so large that the 
straight-line approximations break down. This is of course 
exactly what happens as the spacecraft progresses on its 
heliocentric trajectory. 

A careful geometric analysis of this gravity bending 
effect yields the following interesting result. If the normal 
to the spacecraft’s geocentric ^lane of motion has no 
component along the Earth-Sun line, the gravity bending 
effect cannot give orbit determination knowledge of the 
out-of-plane velocity component. This condition describes 
an important class of near-Earth trajectories which in- 
cludes these trajectories whose near-Earth phase of mo- 
tion coincides with the ecliptic plane. Furthermore, it can 
be shown that for every V w (that is for every heliocentric 
trajectory) a near-Earth trajectory can be found which 
results in this condition. 


4. The Relative Importance of the Contributions 
to the Orbit Redetermination Process 

To ascertain w'hich of the four effects described above 
yield adequate orbit determination knowledge we must 
determine which of these contributions to the partials 
yield linearly independent partials. First of all, the 
pjirtials will be linearly dependent if one of them is 
always zero, and they will be almost linearly dependent 
if one of them is always very small. Large contributions 
to the partials are therefore a necessary but not sufficient 
condition to avoid “proximity to linear dependence” of 
the tracking partials. 

As we have explained previously, the following func- 
tional forms will be exhibited by the four phenomena: 

(1) Displacement of the straight-line motion — a con- 
stant position term which lies, by definition, solely 
in the 2 direction. 

(2) Rotation about the barycenter—^nusoidBl position 
and velocity terms projected ir. both the 2 and 3 
directions, with a period of 27.3 days. 


(3) Observing station rotation— sinusoidal position and 
velocity terms projected in both the 2 and 3 direc- 
tions, with a period of 1 day. 

(4) Gravity benaing effect— position at A velocity terms 
projected in both the 2 and 3 directions which dis- 
play a polyncmmal dependence on time. 

Typical values for these contributions can be obtained 
by averaging their magnitudes over all possible orienta- 
tions of the spacecraft trajectory. These typical values are 
plotted as a function cf time in Fig. 15, assuming the 
tracking began at t 0 = 5 days. More specifically, the mag- 
nitudes of cp (t)/dv pj (t 0 ) are plotted with appropriately 
averaged tj (t) and o, (t) terms inserted for each of the 
four effects. Curves 2 and 3 in this figure should actually 
be sinusoidal oscillations within the “envelopes” that are 
plotted, but for the sake of clarity the oscillations have 
been omitted and only the amplitudes or “envelopes” re- 
main. Clearly the rotation of the observing stations 
(Curve 3) gives the largest contribution to the partials 
over our range of interest. Only toward the later days 



Fig. 15. Typical contributions to tho tracking 
partials vs timo 


12 


JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV 


docs the gravity beading effect become important, and 
only right at the beginning is the displacement of the 
straight-line motion important. Over the large intermedi- 
ate span of tracking, the rotation of the observing station 
dominates. A more careful analysis, which separates the 
contributions of each effect into terms occurring because 
of the position parallax terms r j ( t ) and velocity parallax 
team Oj{t) T is omitted here. However, such an analysis 
demonstrates that for each effect the velocity terms are 
much larger than the position terms and hence determine 
the overall magnitude of each effects contribution to the 
partials. Remember that large contributions to the partials 
are a necessary l ntt not sufficient condition for adequate 
orbit redetermination, so that this magnitude analysis, 
though not conclusive, seems to indicate that the domi- 
nant effect may well be the rotation of the observing 
stations, in fact, the velocity parallax arising from that 
rotation. 

Other analytic observations, omitted here for che sake 
of brevity, can be made which tend to corroborate the 
indication c of the above analysis. The real test of orbit 
determination knowledge comes, however, when these 
paiiiais are combined into the covariance matrices of esti- 
mated quantities. We, therefore, have cor^tructed a sim- 
ple computer program which simulates, in a rudimentary 
fashion, the operation of the JPL Orbit Determination 
Program. The p ogram, given inputs of 'he times of the 
tracking interval, frequency of sampling, V H > etc., com- 
putes partials arising from typical values of the four 
effectr (averaged over all possible trajectory orientations) 
and accumulates these partials in a covariance matrix 
aceoi ding to 

A. = ^[2 BiBl]'* (9) 

where 

A 0.01 m/sec = variance of doppler noise 

fieM. IfM L frfo) ] 

* ~ Lat* (to) * c (to) a*v» (*o) J 
m A number of data points 

The program then prints out the covariance matrix of 
the estimated quantities, which are the velocity compo- 
nents of the probe at time to. 

The program was constructed so that the four effects 
could be considered alone, or in any combination; and 


in fact the position terms or velocity terms from any one 
effect could be considered separately if so desired. Sev- 
eral runs were made with this program to analyze the 
orbit determination knowledge accruing from different 
combinations of the four effects over different tracking 
intervals. The more important results of these runs are 
accumulated in Tables 4 and 5. The results can be inter- 
preted as a simple- mode! simulation of the orbit redeter- 
mination process o*: some sori of typical trajectory, or a 


Table 4. Numerical results from the simple-model 
simulation of the orbit redetermination process 
(the covariance matrix produced) 0 


Effects indadod 
in mod*J k 


Kosultant covsHonct matrix, m /toe 

OVi ffft Of* 

\ troco A», 
m/sac 

1 

00 

linoorty dopondont partial* 

2 

1.S2 

0.26 X 10*' 

1.25 

1.36 

3 

0.061 

0.092 X !0"* 

0.0433 

0.0428 

4 

oc 

linoariy dopondont partials 

1.2. 3.4 

0.060 

0.099 X 10'* 

0.0410 

0.0427 

(all offsets) 





3 vel only* 

0.061 

0.092 X 10* 1 

0.0433 

0.0428 

1.2 

1.33 

0.23 X 10** 

0.242 

1.30 

1.3 

0.060 

0.098 X 10° 

0.0411 

0.0428 

1.4 

2.22 

074 X 10 1 

0.56 

2.14 

1.3 po* only 1 

0.91 

0.24 X 1 Or 1 

0.245 

0.C74 

1,3 v«l only* 

0.060 

0.098 X 10* 2 

0.0411 

0.0428 

5.4 oo» only 4 

16.8 

0.V5 X 10' 1 

0.69 

16.8 

1,4 vol only* 

2.69 

0.70 X 10 ~ J 

034 

2.64 


•Trodunt Period- Day 5 to Day 10; doppior rwipi a; — 0.01 */wc; tarapKbc 
rotor 1/hr 

*(1) OitpJocMnont «f Hto ^roight liM notion {b voctor) 

(2) Rotation of Earth** onto* obo*i: tho boryaon tor 

(3) to tot ion of obtaving station* about tho Earth'* cantor 

(4) R ond lif of trojoefory cUo to Son's gravity 

•vol only A only tho volocity tomt hav* botn lodwdod 
only only tho position tor** haro boon Inciudoi 


Table 5. Numerical results from the simple-model 
simulation of the orbit redetermination process 
(compilation of \ trace A v for different 
tracking periods and combinations 
of effect) 0 


Tracking porfed 

\ troco A*, m/soc 

l,t, J. «* 
(all affeett) 

3 

3 

vol only 

1.4 

1,2 

(a) Day 3 to Pc.y 8 

0.045 

C.046 

0.046 

2.34 


(b) Day 5 to Day 10 

0.060 

0.061 

0.061 

2.72 

1.33 

(c) Day 10 to Day 15 

0.096 

0.096 

0.096 

2.18 


(d) Day 5 to Day 20 

0.021 

0.021 

0.021 

0.254 


(<t) Day 5 to Day 35 

0.011 

0.012 

0.012 

0.192 



•Ooppior no?Mi Cp “ 0.01 m/iocj »omplln* rotoi 1/hr 
*5** Foo'aoIo b in Toblo 4, abovo. 
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more complete check upon the “proximity to linear 
dependence” of the partials over the tracking period. 

In Table 4, results of the simulation of tracking from 5 
to 10 days are shown for different combinations of the 
your effects which are coded at the bottom of the table. 
The first important conclusion to be drawn from this tab- 
ulation is that the quality of the orbit redetermination is 
almost solely determined by the contributions from the 
rotation of the observing stations. Notice that the .A trace 
and the separat- </s are about as small when this rotation 
ciiect is considered alone as when all four effects are con- 
sidered together. Furthermore, when the b displacement 
terms are included with the observing station rotation, 
the results are practically identical to the inclusion of all 
effects. The other combinations of effects yield results 
which are orders of magnitude worse than the station 
rotation effect, and are clearly not crucial to the orbit 
redetermi nation process. 

The relative importance of position parallax from the 
r } (t) terms and the velocity pa ‘allax from the v } (t) terms 
was considered for station rotation effects and later on 
for several combinations of effects. The inclusion of only 
the velocity terms u designated by the abbreviation ‘ vel 
only.” As is clear from the tabulated results, the velocity 
parallax terms are by far the most important contribu- 
tions. In the case of the observing stations rotation, the 
position parallax terms yield results an order of magni- 
tude worse than the total effect. The velocity parallax 
terms dominate the ictal effect to such an extent that 
when considered separately, they provide results identical 
to the total effect. The velocity parallax phenomena, dis- 
cussed earlier in this article, is clearly of paramount im- 
portance in the orbit redetermination process we have 
investigated. 

Table 5 shows selected results from runs which were 
made over different tracking intervals. Runs a, b, and c 
each simulated 5 days of tracking, but used different 
starting times. Runs b, d, and e each started on Day 5, 
but then tracked for different lengths of time up to 30 
days. For each of these tracking periods, the rotation 
of the observing stations (Effect 3) continues to dominate 
the ^determination process; moreover, the v docity paral- 
lax terms continue to dominate the total contribution of 
this effect. Notice that for every early tracking (3 to 8 
days) and for later tracking (5 to 35 days) this one effect 
does not account for all of the orbit determination knowl- 
edge. A careful analysis at these points shews that the 
inclusion of the b displacement of the straight-line motion 
accounts for the discrepancy (to our significant digits) 


early in the flight; and the inclusion of gravity bending 
effects accounts for the discrepancies later in the tracking 
interval. These trends are compatible with Fig. 15, which 
showed the magnitude of contribution to the partials over 
th ; tracking interval. 

Our two conclusions from this simulation study, i.e., the 
importance of velocity parallax terms and the dominance 
of the station rotation effect, are compatible with each 
other. The stations rotate about the Earth with a velocity 
of 0.40 km sec, whereas the Earth moves about its bary- 
center with a velocity of only 0.013 km /sec, the gravity 
bending effect creates only small velocities except after 
long tracking periods >30 days, and the b displacement 
creates no velocity contributions. Therefore, if the velocity 
terms really determine the orbit, we would expect the 
station rotation effect to dominate the orbit redetermina- 
tion process, as it does. 





Fig. 16. Views of the tracking stations from the 
asymptotes of trajectories with 
different declinations 
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5. Compc/ison with Orbit Determination 
Program Results 

In Part 4, abu^e, it was demonstrated that the crucial 
factors in orbit redetermination are the velocity compo- 
nents of the observing stations in the 2 and 3 directions. 
The 2 and 3 directions are, by definition, perpendicular 
; to the outgoing asymptote ot the near-Earth hyperbola. 

I and the 2 direction lies in the plane of that hyperbola. 

« Fig. 16 illustrates three views of the Earth taken from 

| different near-Earth trajectories: the first view shows the 

! Earth from a trajectory with a ver small declination of 

^ the outgoing asymptote, the second view shows tl.e Earth 

i from a trajectory with a very high declination, and the 

l third view shows the Earth from a trajectory with an 

average declination. Note that the views are shown back 
\ along the 1 direction, the direction of the outgoing asym- 

ptote. The 2' and 3' directions are constructed in the plane 
■. of the figures such that the 3' direction is vertical. The 

true 2 and 3 directions, as defined previously, will lie in 
this same plane at some angle to 2' and 3', and will be 
determined by the near-Earth plane of motion. Now, ob- 
serve that the velocity of the observing stations in View (I) 
, has almost no component in the 3' direction; while the 

velocity of this same station in View (2) has substantial 
* components in both the 2 ' and 3' directions. As shown in 

t Fig. 17, the magnitude of the station’s velocity that the 

probe "sees” in the 3' direction will be proportional to 
the absolute value of the sine of the declination of the 
outgoing asymptote. Thus, for trajectories with small de- 
c!ina f ions there will be some direction, namely 3', in 
which the velocity of * he observing stations will not be 
able to contribute to the tracking partials; and we, there- 



Fig. 17. Side view of the declination of the osymptote 
and the tracking station geometry 


fore, should obtain poor orbit determination knowledge 
in that direction. This effect was simulated on the rudi- 
mentary program described previously, and the results 
displayed large uncertainties in the velocity component in 
a direction in the 2-3 plane, in particular, the 3' direction. 
We similarly expect that the JPL Orbit Determination 
Program will furnish poor orbit determination knowledge 
for trajectories with small declinations of the outgoing 
asymptote. 

In order to verify this prediction, two classes of 
trajectories were selected from past orbit determination 
studies which were conducted using identical tracking 
periods, physical constant uncertainties, etc. The first class 
of trajectories was a group of three trajectories studied 
for the 1969 Mars urbiter opportunity. One of these 
trajectories, a Type II transit, 4 displayed poor orbit 
determination characteristics, and though several possible 
explanations were advanced, the cause of these bad char- 
acteristics was never satisfactorily explained. This trajec- 
tory had a declination of the outgoing asymptote equal 
to 9.2 deg while the declinations of the two trajectories 
studied concurrently were —33.7 and “49.3 deg. By 
referring back to the computer output, it was possible 
to calculate the square root of the trace *of A r as a func- 
tion of time, i.e., the roct-sum-square (RSS) I-o- uncer- 
tainties of the velocity components being estimated. This 
quantity is plotted as a function of time : n Fig. 18 for 
each of the three trajectories. The trajectories suggest a 


4 A Type II trajectory is one ,- n which the heliocentric Angle tra- 
versed by the spacecraft horn launch to encounter is between I5U 
and 360 deg. 
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correlation between small declinations (absolute magni- 
tude) and poor orbit redeterminabon knowledge. Fig. 19 
plots the same data in a different form. The square root 
of the trace of A c is plotted as a function of the absolute 
value of the sine of the declinations for 10, 20, and 30 
days after launch. These curves again suggest that a cor- 
relation does, in fact, exist between the declination of 
the outgoing asymptote and the orbit redeterminatioo 
knowledge. 



Fig. 19. 3 Mars 1969 trajectories (\ trace A* 
vs | sine of the declination | ) 


The second class of trajectories consisted of 7 Mars 
trajectories, one of which was representative of each 
launch opportunity from 1964 to 1977, inclusively. Table 6 
presents the 7 trajectories, their declinations, and the 
square root of the trace A v evaluated at 10. 20, 30, 
and 50 days after launch (tracking began at 5 days). 


Tablo 6. \ troco a 7 or V 4 - o? 3 at 10, 20, 30, 

and 50 days aftor launch for 7 Mars trajoctorios a 


— 

j 

Domination 




“1 

Matt 

opportunity 

ol tho 
outgoing 
asymptote, 
dog 

\ troco A», m/toc X 10~ l 

10day« 

20 day 

30 days 

.'i0 days 

1964 

13.54 

24.4 

14.7 

10.3 

9.20 

1971 

- 20.60 

10.3 

5.90 

5.32 

3.33 

196o 

-20.7* 

17.0 

6. $0 

474 

1.7$ 

197? 

2? .68 

9.06 

4.94 

4.24 

2.84 

1969 

-43,43 

9.1$ 

5.0$ 

3.51 
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Fig. 20. 7 Mars trajectorios (1964—1977) C\ trac* A v 
vs |«n« of tho declination | ) 


Fig. 20 plots this data showing trace A„ as a function of 
| sine of the declination | for each of the evaluation times. 
This plot also confirms the high correlation with declina- 
tion, particularly at 20 and 30 days from launch. Irregu- 
larities seem to occur at 10 days (i.e., alter only 5 days of 
tracking) and at 50 days (45 days of tracking). This leads 
us to suspect that the position parallax effect may still be 
important after 5 days of tracking, and that the gravity 
bending effect begins to be important by 50 days from 
launch. This would be consistent with previous conclu- 
sions about the relative importance of the different effects 
as a function of time. Further investigation of the orbit 
determination res* 4 . for both these classes shows that 
when the declin. 4 . become small, it is in fact the 
previously describe . component of velocity which is 
difficult to determine. The observable evidence froru 
these trajectories thus seems to corroborate the predic- 
tions presented earlier in this study on the basis of the 
simple-model simulation of orbit redeterminaKon. (This 
second class of orbit determination runs u ,ed different 
data weights and/or physical constant uncertainties than 
the first class, so that efforts should not be made to com- 
pare results between the two classes.) 

The phenomena cited above, that trajectories with small 
declinations of the outgoing asymptote display poor orbit 
redetermination characteristics, can have important con- 
sequences for interplanetary missions. If we require the 


ie 
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ability to redetermine the orbit quickly after the first 
maneuver so that an early accurate second maneuver can 
be made, we may be forced to exclude trajectories with 
?mall declinations. This suggests a potential constraint to 
be placed on future interplanetary trajectories. If such a 
constraint should prove necessary and/or desirable, it 
should be defined only after a more exhaustive study 
of the problems arising from trajectork with small 
declinations. 


6 . Conclusions 

An analytical simple-model investigation of the orbit 
redotermination process following the first midcourse 
maneuver indicates that there are four effects which con- 
tribute to the orbit determination knowledge. These four 
effects are: (1) the b vector displacement of the straight- 
line motion of the spacecraft away from the barycenter, 

(2) the rotation of the Earth's center about the bary- 
center, (3) the rotation of the observing stations about 
the Earth's center, and (4) the bending of the spacecraft's 
trajectory by the gravitational field of the Sun. These 
effects contribute to the orbit determination knowledge 
because uie conventional position parallax they ex- 
hibit, but more important, because of the velocity parallax 
caused by the relative velocity of the probe and observ- 
ing station. Analytic studies indicate that the rotation of 
the observing stations, and in particular the velocity 
parallax of that rotation, actually dominates the orbit 
redetermination process. VThis leads us to expect that the 
JPL Orbit Determination Program will furnish poor 
orbit determination knowledge on trajectories with small 
declinations of the outgoing asymptote, and this expec- \ 
tation is corroborated by the observed evidence of past | 
orbit determination studies. Further orbit redetermination l 
studies will be necessary to determine exactly how these \ 
phenomena will affect the trajectory selection criteria. 
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C. First- and Second-Sum 
Numerical Integration 


J . 0. Anderson 


1. Introduction 

With the construction of step -by step numerical inte- 
gration procedures in extended precision, it becomes 
necessary to use higher order formulas if the interval 




of the integration table is to remain reasonably constant 
as the precision is increased. Therefore, the firrt- and 
st'eond-sum formulas used for many years in celestial 
mechanics are developed here in terms of the backward 
differences and are carried to the seventh order in the dif- 
ferences or equivalently to the ninth order in the step 
size ft . 5 Both predictor and corrector formulas ere given. 
Also, the formulas are expressed in terms of antecedent 
values of the acceleration according to a development 
carried out by Herrick (Ref. 5). It is therefore possible to 
integrate a set of second-order differential equations 
without resorting to the construction of a difference table. 
The antecedent-function formulas are given for all orders 
from two to nine in the step size ft. 


Many of the formulas given here are not available in 
the literature and thus they are useful for studies requir- 
ing higher order differences than are usually published. 
It should be pointed out that the method of generating 
the formulas is standard and that in fact the coefficients 
can be generated by a computer program to any order 
of interest. However, the coefficients are computed only 
within the precision carried in the machine. This has 
been done at JPL for the second-sum predictor and cor- 
rector to the fifteenth difference (Ref. 6, pp. 109-110) and 
the resulting formulas have been used to generate the 
standard planetary ephemerides over the past three years. 
Also, these formulas are coming into use in all other JPL 
double-precision orbital calculations. Of course, in prac- 
tice any form of the first- and second-sum formulas re- 
quires a procedure to start the table of differences. Such 
a procedure is given in Re c . 6, pp. 34^-35. 


2. Second-Sum Integration 

The generating function for the second difference 
Vkc n+ i in terms of the backward differences Vi*. in 
the preceding values of the second derivatives is y ?n 
by (Ref. 7, Eq. 5.5.12) 

v*... - ‘-(1 - (1) 

Similarly, the corrector formula for V’x„ is g’ven by 
(Ref. 7, Eq. 5.5.11) 

V lx " = h ‘ [-ln(l - V)J *" ^ 

In both formulas the size of the integration step from 
x n to %*+ ! is given by ft. 


‘Note that Kulikov (Ref. 4) hws given the second-sum formula in 
terms of central differences U thf twelfth order in ft. 
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The function in Eq. (2) is now expanded to the ninth 
order in V. First of all, define 




(3) 


The function — ln(l — V) can be expanded in the well 
known form 


— ln(l - V) = V + j \ 72 + | V 3 + j V" + 




and 




Define 


= }v + {v + jv + 


(5) 

( 6 ) 


Then 


/(V) =(! + *)-’ 


or 


f (V) = 1 - 2e + 3e 2 - 4e 3 + 


(7) 

( 8 ) 


The expansion is carried out by forming f 2 , f 3 , c 4 , • • • , e 9 
to order V 9 and then by collecting the coefficients of 
each order in V according to Eq. (8). The necessary 
arithmetic has been done independently by R. K. Russell 
and the author, and we are reasonably certain of the 
accuracy of the coefficients. The result is 




1 _ V 4 - _L V72 + ov* — - v 4 — V 5 

i V -I- 1 2 v -t- uv 240 V 240 V 


\252 ) \240/ v V 252 ) \240 / V 

\11,400 / \252 / \240 ) 



V 11,400 )\252)\m) v 


(9) 


It is necessary to multiply the above series by (1 — V)' 1 
in order to obtain V**»+i as given by Eq. (1). Note that 


(I - V)- 1 = 2 V" 


( 10 ) 


The product of the two series, Eqs. (9) and (10), is 
given by 




i+ov+£v+£v+£v 


31 


17 + 

4 il V5 + !ll^ 

^ 240 v 240 


16 + 


93 


V 6 + • 


252 


240 


V 7 


15 + 


10871 


15120 


14 + 


17444 


* )Af\ + ' 


15120 


240 


240 


V 9 + 


( 11 ) 


The series of Eq. (11) can be substituted into Eq. (1) to 
yield the formula for V z s»+ 1 - Similarly, the seres of 
Eq. (9) when substituted into Eq. (2) yields the formula 
for V 2 x*. In order to obtain formulas for x n+1 and x„, the 
operator V~ 2 is applied to the series for V 2 x n+1 and V 2 x„, 
essentially to the series of Eqs. (II) and (9), respectively. 
The resulting expression for x, +1 is transformed to x n by 
replacing n by n — 1 in Eq. (1). Thus, the predictor form- 
ula is given by 


x. = h‘|V + ^V<’ + ^V + 


19 


240 


V72 


31 


+ ily, + ilig2 

240 v 240 


16 + 


93 


V 4 + ' 


252, 


240 


, 10871 
lo • 


15120 


14 


17444 


15120 


240 


240 


77 + • • j*»-i 


( 12 ) 


and the corrector formula as generated by Eq. (2) is 


= h* [v- 2 - 


V- 1 + — V° 1\7 ! 

v ^ 12 v 240 v 


— V 3 

240 v 


\252 ) \240 / v \252 ) ^240 ) V 


\11,400/ \252 / \210 / V 


/J^W190\/J_\ 

\11,400/ \252/\240/ v 


• • X. 


(13) 


1U 


JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV 


Eqs. (12) and (13) can be expressed in better forms 
for computation. The predictor formula is 


= h 2 £ 


y-z + JL yo + J. y + -i®. yz + .ii. 
V ^12 V+ 12 V+ 240 V 240 


+ JS!l v . + -gSL v . + -ggL v . 

' r»f\ a v 1 r?r\ ion » ' o ono con v 


+ 


60,480 

229,124 


60,480 v ' 3,628,800 
V T + • ■ • Jin- 


3,628,800 

while the corrector formula is given by 


V 3 


(14) 


In = fc 2 |V* - 


y-i + — yo L_ yz L yz 

V 12 V 24C 240 V 


221 

60,480 

8547 


V 4 - 


V ? 


190 

60,480 


V 5 


9829 

3,628,800 


V- 


‘ Jin 


(15) 


3,628,800 

The accuracy of the above two formulas when applied 
to types of equations encountered in celestial mechanics 
is under investigation by C. J. Devine (SPS 37-31, Vol. IV, 
pp. 17-18 and SPS 37-32, Vol. IV, pp. 12-18). The for- 
mulas are carried to the fourteenth difference with the 
coefficients determined numerically. 

3. First-Sum Integration 

In addition to the position coordinates (a, y,z) in the 
integration of the equations of motion, the velocity co- 
ordinates ( x , y, i) are often required also. Of course, this 
is always the situation tor velocity-dependent accelera- 
tions. The first backward difference Vx H+ i is given by 
Milne (Ref. 8, Ec ^ "). 


V7i- 




1,070,017 

+ V s + 


]* 


3,628,800 v 1 t 1 ® 

Apply the operator V* 1 to Eq. (16) and replace n by 
n - 1. 


1 


T v, + 5 v + 5 v ’ + ® v ‘ 


36,799 


+ i71y. + B2§Zw» + 

1440 v 60,480 120,960 


I 1 ,070,017 . 

j A OAA V * 


3,628,800 

This is the predictor formula for x„. 


1 .. 

j*- 


(17) 


To obtain the corrector formula, the expression for x tt 
as given by Milne (Ref. 8, Eq. 20.5) is used. 


vi.-k[v-}v-iv -iv- 


19 

720 




27 




J3 H. VT 


1440 v 60,480 * 120,960 

33953 


3,628,800 


V 8 




(18) 


Again apply the V “ 1 operator to obtain the required 
formula. 

i. = fc[ V— ! V— gV-^V— V* 

1440 60,480 120,960 


33953 

3,628,800 


V 7 




(19) 


4. Antecedent-Function Formulas 

It is always possible to replace formulas involving back- 
ward differences of a function by equivalent formulas 
in terms of antecedent values of the function. First of 
all, it is convenient to replace the resulting predictor- 
corrector formulas o.f the preceding two sections by the 
following forms, 

A* Xi ~ + 12 ' ‘ + 12 + 240 8 

18 „ .. , 4315 4125 .. 

+ 240 83 *’" 5/2 + 60,480 8 x ‘** + 60,480 


237,671 .... 229,124 ... 

+ 3,628,800 8 Xi - 4 + 3,628,800 


(20) 


px, = 


'J3V 

oa(\ 0 n 


1 
1: 

221 


■ 2#m/2 -f ^2 om 


J. 

240' 


240 

9829 

3,628,800 


S 4 Xi - 


190 


8 8 x<-3 + 


60,480 *' 2 60,480 

8547 


3,628,800 


S r, Ti - 5/2 
Xj - 1/2 (21) 


1 , 1 5 .. 9 

l , ■— 4- 0 Xi-i 4* ^2 "h a a 


24 


, 251 . .. t 475 , 19,087 .. 

+ 720 8 Xi ' w + 1440 8 Xi ~ * + 60,480 8 Xi ~' ,n 


36/799 1,070,017 

f 120,960 8 ** 4 + 3,628,800 8 Xi 


( 22 ) 
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1 .. 

1 

1 

'&» - t /2 - 9 

12 SXi,/t 

- 24 8 X * ' 

.JL, * . 

-JLx* 

S63 

720 i ' ,/ * 

1440 8 **- 

60,480 


J*L 

120,960 Xi 3 3,628,800 0 1 1/2 


(23) 


The notation esed here is consistent with that found in 
the astronomical literature. The iridicates the nth 
difference of the function r on the kth line of the inte- 
gration table. It can be related to antecedent values of 
the function by the fallowin ' formul?.. 

(;)•*.„- (34) 

Now Eq. (24) can b* substta ted into Eqs. (20)~(23) to 
yield the required antecedent* function form ilas. 


(W ~ 2) 


(S = 3) 


(N = 4) 


*< + 2^;(S9r«- l 

~58xi-t + 19 *..,)) ( 28 ) 

x ; = h* -|s-Xi ^ (77*., - 112*|.2 

+ 73*. , — I8*i-«) ) (29) 

x s = fe 2 ^Xi + gQ^gQ (23,719*1., 

- 45,484*., + 44.236*-, - 21.7: «*-. 
+ 4315* .,)} (30) 


o. Second-sum predictor. Th * second-sum predictor is 
obtained by substituting Eq. (2*) into Eq. (20). 

fe* Xi = + E X| ’ , + 

+ '3,628,800 ( (m/ Xf — 

_ffl9424_ 2 /7\ 

+ 3,628,800 1 l) \m) x '-' m 

Now perform all of the sums in Eq. (25). 


(25) 


Depending on whai order difference is taken into ac- 
count in simplifying the coefficients of a number 

of formulas are generated (cf. Ref. 5, p. 129), Let N be 
the highest order difference included. Then 

C.-9) *i«A*|s**, (26) 

(N = 1) *i = A 2 js 2 * + ~(2i *-, - Xi-,)) (27) 


(N =5) Xi - A 2 js 2 * + (27,844* , 

- 86,109* + 85,536* 

- 65 046* .. + 24,940*., 

- 4125* . ,)) (31) 

<N = «) „ = /!>{«•,. 5^5(1,908,3115,., 

- 5,392,566*., + 8,697.225x1-, 

- 8,536, 180* _ 4 + 5,061,465*., 

- 1,673,526* + 237,671*.,)) (32) 

(N = 7) ,..*.{w 1 + 58 ^ a 5(2.1W^B 1 ., 

- 6,998,434*., + 13, 508, 829* . , 

- 16,555,520* . + 13,080,805* , 

- 6,485,130* - a + 1,841,539* 

-229,124*-,)) (33) 

In the integration of the five outer planets, Eckert, 

Brouwer, and Clemence used this form of the second- 
sum method with N = 9 (Ref. 9, p. XI). They did not use 
a corrector formula. 

b. Secondsutn corrector . The pattern for obtaining the 
corrector is similar to that shown in the previous dis- 
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cussioii. The result of substituting Ec . (24) into Eq. (21) c . Fii*t*w*z predictor . The first-sum predictor is given 
and performing the sums is the following. by Eq. (22). In terms of antecedent values of the acceler- 

ation it takes on the following forms for N - 0, L 


(N = 2) x, 


= ft* jx=i7., - Xx j41 


.34) 

= h* |s 2 x, - Xx,., 

^ ,w 

(35) 

= h* ^X‘Xi-i XXi-i 

,s + 240 (l91 ’' 




( 36) 


(N — 3) x i — h z + 1 Sx', + 1/2 4" (ISii b 5ii-t 

- 4Xi- : + X,- 3 )| (37) 

(N = 4- x, = ft 2 jx-x, 4l - Xx, . 4 gQ^gQ (431 5tj 
+ 2144x — 2334x;> . 


(N — 9) ii = h {Xx t . */2 4- l/2£< - 1 } (42) 

(.V == 1) x, = fc 4- -^(llxi.j -- 5xi_ 2 )| 


(A» = 2) ii - h |sxi _ ir . 4- — (31x‘i . , 


- 28xi- 2 4- 9 Xi_ 3 )| 

(N =-- 3) x. — h jxi, 4 ^ (l]81x f , 

- 1593x,_ 2 + 1023x, _j - 251x,.,)j 


4 3094xj. , - 4234s.; _ 2 v 3036 x 7 . 
- 1171x7-. + 190x7 - 5 )j 


h* |x a Xjt, - X*i„/j J . 3828800 

X (237, 671x7 + 244,614x ( _ , 

- 401,475*,-. 4 378,740*i- s 

- 217,695x,-, 4 70.374xi..r. 

- 9829x,.»)) 


I829x,-«)| 

XXi + i 


" 3,628,800 

X '229,124*7 4 304,443x7-. 

- 580,962x, - 2 4 677,885x7-3 

- 5. 1 6,840x7-, 4 249,861x7 -s 

- 69,658x7 -« 4 8547x,.,)t 


(N = 5) 


4- 4896 x ,_ 3 — 2402 xi - 4 4" 475x 


ii=h jxx, - 4 gQ^gQ (138,241x7 

- 309,047x,. s 4 396.502x.-3 

- 291,754x7-, 4- 115,38537 -» 


- 19,C87xi-,)| 

(N = 6) ii = fe|xxi. 1/2 + 12^60 (313,281i 

- 838,8883:7 - 2 4- 1,344,989x7-3 

- 1,319,488x7-, + 782,755x7 -» 

- 258,968x7 -« 4- 36,799x7 . ,)) 
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« = *{*-.» + 33^U<M««7s,., 

- 32,656,7591,.,. + 62,820,027^., 

- 77,035,235*;.., + 60,933,2451,.* 
-30,239,397*4-,, f 8,594,0691; . ; 

il 


(N= 7) t,- = h |sxi . ,/, + 


1 


(- 2,553,783'*, 


- 1,070,01 7* j.,) 


f 


(49) 


d. First-sum corrector . Eq. (24) substituted into Eq. (23) 
yields the first-sum corrector in terms of antecedent 
values of the acceleration. 


3,628,800 
+ 1,908,311'Xj.; - 2,696,283*4-, 
+ 2,899,075*, - 2,134,045*; 

+ 1,012^93*4. , - 278,921*4 _ 6 

. 33,953*4 


:,953*i. t)| 


asn 


(N = 0) 

*4 = h (5*4 4 1/2 — 1 / 2 *.} 

(50) 

n65 -^1 vH ; 

(N = 1 ) 

*4 = h- 

|s*i.,« + ^7j(- 7*4 + *j_,)| 

(51) 

D. T ! .;e Determination of a Density 
Function — An Exercise in the 

(N = 2 ) 

*4 = fcj 

|2x i + i/s 4“ ^ ( 15xj “1" 4xj_i 


Application of Integral 
Transforms 




(52) 

C. 8, Sotloway 


(N = 3) *4 = h |s* 4.„ 2 + ~(- 469*, + 177*4-, 

- 87*4- 2 + 19*i-,)| (53) 

(N — 4) *4 = h | Si', , , /2 + ( — 965*4 + 462*4 , 


- 336*4-2 + 146*4-, - 27*4 




1 . The Problem 

The following problem arose practically in connection 
with the operational characteristics of a soir-tracker de- 
vice. Given the marginal density function g (x) of a two- 
dimensional distribution, known to be independent in 
polar coordinates and uniform in the polar angle 6 , deter- 
mine the probability density function p (r) of the radius 
vector r — (x 2 f f/ z ) % . 

Solution. We have 


(54) 


(N — 5) ii — h- |^Xi + i/ 2 + gQ ( 41,393Xi 

+ 23,712x1-! - 22,742Xi- 2 4- 14,762*-, 

- 5,449*; _ 4 + 863*i- 5 )| (55) 

(W = 6) *4 = h js*. 1 1/, + ( - 84,161*4 

+ 55,688*4-1 - 66,10P*,- S + 57,024*4 

- 31,523*4-4 + 9976*4. 5 - t375*,.,)j- 

(56) 


/; g (i)di = 2/; /2 llJ-gdrdB * > 0 


( 1 ) 


Differentiating both sides with respect to x, we obtain 

and making the substitution r = x/cos 0 yields 
s(x )=i[* dr 

gW *J, 

Eq. (2) is a (singular) integral equation for p (r). 


( 2 ) 
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Taking Fourier cosine transforms of both sides, we 
obtain afte»- interchanging the order of integration 

« W *(*)«»-** = 7/7^ V(r)-~§^dxdr 

- lj~ P(r)h(ru)dr (3) 

which shows that 2g(o>) is the Hankel Transform of 
p (r)/r, with the kernel r/ 0 (rw). The inversion theorem for 
this transform yields 


P(r) 


i’ 


g (vj) <d/o (fee) do> 


= 2 



cog (x) COS cox/o (ftt) rico dx 


(4) 


when we substitute the expression for g(a>) from Eq. (3). 
Interchanging the orders of integration of Eq. (4) and 
integrating by parU' (assuming g' (x) = dg/dx exists), we 
have 

/ CO f 00 

j g' (x) sin o>x/o (r«) d<o dx 

= (5) 

since the integrated part vanishes at the endpoints. This 
integral (being singular) does not lend itself to numer- 
ical computation An alternate lorm utilizing the cumu- 
lative density function is 


the so-called Rayleigh distribution. 

2. Letg(x) = je lr i -oo<x<oo 


Again substituting in Eq. (5) yields 

p(r) = r /'(F^ dl (9) 

The substitution x = r cosh 6 reduces the integral to 



e -rco.h *d0 = rK 0 (r) 


( 10 ) 


where Ko(r) is the modified Bessel function of the third 
kind of zero order. It is well known that Ko (r) > 0 and 
easily verified that 
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1 - p (r) =J V (0 di -j (*) (x* - r 2 )‘ A dx 




1 *g (x) dx 
(i J - r 2 )« 


(6) 


E. Symmetrization of the 
Two-Body Problem 

R. Broucke 


the last assuming that xg (x) = 0. 

2. Examples 

Letg(x) = ~^e-^ - - oo < i < oo 

Substituting into Eq. (5) yields 

, v +2 r [* x c-*'/™' , 

p(r) = (2 7fT 0 ), 7*TZ^7)» dx 

The substitution x 2 = r 2 + xf reduces the integral to 
2 re -r,/iaS f w e“ v,/27a r£~ rS/2a * 

PW“— — J„ (2 — 


1. Introduction ^ 

The purpose of this article is to describe a change of 
variables for the perturbed two-dimensional two-body^ 
problem that transforms the equations of motion to a new 
form which presents greater simplicity than the usual 
equations. 

The change of variables we use consists of a transfor- 
mation of the spatial variables x, y, together with a change 
of the independent variable t. The coordinate transforma- 
tion is the ordinary transformation to parabolic coordi- 
nates, and the independent variable (time) is replaced by 
another variable which is essentially equivalent to the 
eccentric anomaly. This change of variables was used 
previously by several authors [e.g., Levi-Civita (Ref. 10)], 
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essentially for the regularization of the circular restricted 
three-body problem. A. Wintner (Ref. 11) also used this 
transformation for the solution of the non-perturbed two- 
body problem in a context which had no connection with 
the three-body problem. 


numerical integrations are done with constant steps. In 
the symmetric formulation, however, the satellite crosses 
the high-density region in a much smoother v/ay (nearly 
in a rectilinear path with a constant velocity, at least when 
the eccentricity tends to unity). 


The main effect of this change of variables is to trans- 
form the two-body problem into the two-dimensional 
harmonic oscillator (with or without perturbations). Thus 
we have a problem which has a very simple solution in 
sine and cosine terms (when no perturbations are pres- 
ent). In other words, we have transformed a problem with 
an inverse-square-law central-force Held to another prob- 
lem with a central force which is directly proportional 
to the distance. Of course, this last problem belongs to 
the list of those central-force-field problems which are 
integrable, as has been shown by many authors [e.g., 
Whittaker (Ref. 12)]. But the important fact here is that 
the iamiliar denominators 1/r 2 in the two-body force are 
replaced by the factor r, and this greatly simplifies and 
symmetrizes the equations and their solutions. The sim- 
plicity of the new problem comes solely from the fact 
that the parabolic coordinates transform the two-body 
problem to a problem in which the two variables have 
been uncoupled, i.e., they transform a system with two 
degrees of freedom into two systems with one single 
degree of freedom. 

In the perturbed two-body problem, this symmetriza- 
tion also simplifies many of the equations. We can observe 
this in the development of the special perturbation tech- 
niques (e.g., the Encke method and the variation-of- 
rectangular-parameters method). The Encke method takes 
a particularly simple form: it can be applied without 
solving Keplers equation or any other transcendental 
equation equivalent to Keplers equation. It is also in- 
teresting to develop the corresponding variation of- 
redangular-parameters method, since there seems to be 
a„ tendency now to use rectangular coordinate perturba- 
tion techniques in trajectory calculations. Several authors 
^Refs. 13-16) claim that their formulation is completely 
general, but this seems not to be true, since the singularity 
r = 0 is still present in their equations. This singularity is 
not present in the perturbation equations that use para- 
bolic coordinates. In several practical cases, such as 
atmospheric drag perturbations, for instance, it is worth- 
while to remove the singularity t = 0. In the case of 
atmospheric drag, the difficulty with the classical two- 
body equations comes from the fact that the satellite 
passes through the regions with maximum density at 
periapsis, where the perturbations are strongest, with the 
largest velocity, and this results in a loss of precision when 


The equations we present for the perturbed problem 
can also be applied easily when the perturbations are the 
gravitational forces from extra bodies. In this way we are 
able to regularize the collision with the central body in 
the restricted n-body problem (“restricted' 5 is used here 
in the sense that the body whose motion is studied is a 
massless particle). This regularization presents two essen- 
tial facts which are not common in most previous works 
on regularization. First of all, this regularization is not 
related to any rotating coordinate system, but can be done 
as well (and often in a more simple way) in a fixed direc- 
tion frame as in a rotating frame. On the other hand, the 
method can be applied independently s f the existence of 
an energy integral, simply by replacing the energy integral 
by a differential equation giving the variation of the 
energy. Only in a few particular cases has a regularization 
been described for .. system without the Jacobi integral 
(Ref. 17). 


‘The formula!. we pre. ' <1 here is completely general 
and as a possible application we developed the regular- 
ized equations for the genera 1 i .. ; three-body prob- 
lem (where the two main masses may describe elliptic, 
hyperbolic, or parabolic orbits) and also for a four-body 
problem which has been used by a few authors as a model 
for the Sun-Earth-Moon system (Ref. 18). 


The theory is described here only for the two- 
dimensional case; however, everything can be generalized 
to the three-dimensional case, for instance by using the 
osculating plane of motion defined by the two variables 
7 and Q (inclination and longitude of the node). 


2 , The Two-Body Problem 

Let us write the two differential equations of motion 
of a satellite of negligible mass in the perturbed force 
field of a central body of mass nr. 


cl 2 x 

dt> 


m r a + P* 


(1) 


d*y 

dt 2 




( 2 ) 
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where (P x , P v ) are the components of the perturbing force, 
and where 

f 2 --- x 2 + y 2 (3) 

Multiplying Eqs. (1) and (2) by dx/dt and dy/dt , respec- 
tively, and adding them, we obtain 

(4) 

which we shall call the “energy equation” (E 0 is an inte- 
gration constant). * 

3 . Parabolic Coordinates 

We define the parabolic coordinates (£, 77) by the equa- 
tions 

x = e- r (5) 

y = 2b, (6) 


We have then 


r = e + r 


and we shall also define a transformation of the inde- 
pendent variable t by the differential relation 

dt — rds (8) 

We shall use two derivative swibols: a prime for the 
^-derivative and a dot for the ^--derivative. For any varia- 
ble F we wav then write 


F' z l- - p 

r 


F" = ~ [rF - rF] = £ [rF - 2 (g 4- rf) F] 


and for the second derivatives: 


x" -- — (|| - rjrj) - ^ ({* - r) (i 2 + ^'-) (14) 


!/" - ij (£'} + ’>?) ~ ~Jv (i 2 + »r) 


Substituting Eqs. (14) and (15) in the Eqs. of motion (1) 
and (2) and solving for £ and 77, we obtain 

+ p * (16) 
y - - r [f-' + r-j\ i = i ^ (17) 

where we have defined P$ and P», by 

F*=2[fP, + ,P,] (18) 

P v ~ 2 [ — rjP T + £Py] (19) 

In order to obtain a more simple form for the Eqs. of 
motion (16) and (17), let us first write the energy En. (4) 
in parabolic coordinates. By using Eqs. (11), (12), and 
(13), we find that 


H 


Rds + E 0 


where the function R is defined by 
R = (P*f + P.v) 

Using Eq. (20), Eqs. (16) and (17) become 


« = %(S+E.)f + jP < 


Thus, for the first derivatives of x, y> and r, we have 


^• = %(S + JB.)^ + jP, 


•c- 

p* 

1 

■Uj) 

Ol | % 

II 

%< 

(ID 

y' - ~ (tv + tv) 

(12) 

»•' = (it + w) 

(13) 


where the function S is defined by the differential equa- 
tion 

S = R (24) 

In order to derive the time t from the new variables, we 
can, by using the Definition (8), write the differential 
equation 

t = r (25) 
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We can now solve any perturbation problem by inte- 
grating numerically the simultaneous Eqs. (22), (23), (24), 
and (25), or by only integrating the system [Eqs. (22), 
(23), and (24)] and then solving the Quadrature (25) sep- 
arably. Eq. (15) is a differential equation which in the 
perturbed problem corresponds to the energy integral in 
the non-perturbed two-body problem. The energy E of 
the satellite, which is a function of t in the perturbed 
problem, can now be obtained by 

E = - r (f + v>)-y = 'i + E„ (26) 

The remarkable advantage that the system [Eqs. (22), 
(23), and (24)] has o' jr the system [Eqs. (1) and (2)] is 
that the co11W°t: singularity, r = 0, with the central body 
has been removed. However, there are other advantages 
which shall become evident in the following discussion. 

4 . The Solution of the Non-Perturbed Problem 

When both perturbation components (P Xy P v ) and also 
(P$, F v ) are zero, Eqs. (22) and (23) become 


»-!• 

(27) 

.. E 

(28) 



We see that each of these equations has a separate 
variable, £ for Eq. (27), rj for Eq. (28). Since E — E 0 i s a 
constant number, each equation represents the harmonic 
oscillator, i.e., a problem with a central attractive force 
proportional to the distance (let us suppose that E < 0). 
The solution of Eqs. (27) and (28) may be written in 
terms of circular functions: 


. > , -sincrs 

£ = £oCO SaS + £o 

O’ 

n 9) 

sin as 

7) — 7)0 COS <r S + r/o 

(30) 

where we have defined 



(31) 

Eliminating s from Eqs. (29) and ( 30), we obtain a second- 
degree equation in (£, >;) which represents a conic centered 
at the origin (an ellipse when E < 0). Thus, one of the 
effects of the parabolic coordinates is to transform the 
two-body conic solution centered at one focus to another 


conic solution centered at the geometric center of the 
conic. This results in greater symmetry in the equations. 


Let us designate by a and p the semi-major and semi- 
minor axis of the ellipse in the parabolic plane (£, ?;), and 
let us define a, e , and f. by 


nr + p~ 

a= 2 

(32) 

cr + ,3* 

(33) 

« = - («* - ?)* 
a 

(34) 

The parameter t is the eccentricity of the ellipse with 
semi-axes a and /?. If we take the particular solution 

£ = a cos c ts = [a (1 + e)Y& cos as 

(35) 

17 = p sin as = [a(l — c)]^sin as 

(36) 

in the (£, 17 ) plane, vve have in the (x, y) plane 
sponding solution 

the cone- 

x — a (cos 2 crs — e) 

(37) 

y = a (I — e' 2 ) Vi sin2as 

(38) 

r = a (1 — e cos $W) 

(39) 

/a 3 \^ 

dt — 2 f — ) ( 1 -e cos 2 as) d {as) 

(40) 


Thus, we have the v . li-known elliptic solution with semi- 
major axis a and eccentricity e. Integrating Eq. (40), we 
obtain Keplers equation 

/a 3 V* 

t — # 0 = ( “ J (2as — e sin 2as) (41) 

Thus, the quantity 2 as is exactly the eccentric anomaly 
On the other hand, in parabolic coordinates (£.??) the 
period of the motion is (for the variable $) 

= - (42) 

(T 

while in Cartesian coordinates (x, t/) the period is only 
half of T gP : 

_ 2:r 7T .... 

<«> 
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In other words, the Keplerian ellipse is described twice 
when one single revolution is described in the parabolic 
plane. The two closest approach and two farthest depar- 
ture points in the- parabolic plane correspond to periapsis 
and apoapsis, respectively. Comparing Eqs. (33) and (34), 
we conclude that both ellipses have simultaneous zero 
eccentricity or unit eccentricity. In the case of unit eccen- 
tricity, Eqs. (35) and (36) show that at collision the motion 
in the (£,t?) plane goes through the origin (which is a 
stable equilibrium solution) with a finite non-zero velocity. 

5 * The Perturbation Equations in Parabolic 
Coordinates 

We shall now come back to the perturbed problem, and 
derive the so-called rectangular variation of parameters 
equations, as has been done by Pines, Battin, Kizner, 
Goodyear, and probably other authors (Refs. 13, 15, 16, 
and 19). 

In order to shorten the notations, we define a few two- 
dimensional vectors: 


V 

II 

sF* 

ii 

o 

o 

(44) 


(45) 

II 

? 

-a 

(46) 



in accordance with Eq. (47), and the perturbation deriv- 
ative of E by 

in accordance with Eqs. (21), (24), and (26). 

To find the perturbation derivatives of and we 
first solve Eqs. (48) and (48) with respect to these two 
quantities: 

? -> 7 s in as , M 

£o — f COS ors — £ (o3) 

O’ 

7 7 

£ o = £<r sin <rs + £cos<rs (54) 

Taking the derivatives of the preceding equations, we 
obtain the final perturbation equations 

( d£ 0 \ R ft sin as t £/ sin as\l 

srii* 1 — ■ + )J 

~f (55) 


The Eqs. (22) and (23) can now be written in the form 
- 1 *♦ r 

i^E i + -P (47) 

while the solution [Eqs. (29) and (30)] of the non- 
perturbed problem is 

? t ,^ Sin(TS /y4oN 

£ = £ 0 COS as 4- £ 0 (48) 

(T 

£ = — foersinas + £ 0 COS<rS (49) 

This solution may be considered valid in the elliptic, 
hyperbolic, parabolic, and rectilinear cases, for all values 
of s y with the simple condition that hyperbolic trig- 
onometric functions be used when E > 0 and a is imag- 
inary. For many forms considered by previous authors, 
the equations are not valid for all times t, because the 
singularity r = 0 has not been removed. 

7 

We define the ‘perturbation derivatives” of £ and £ by 

(f),=° (5o) 


/df 0 \ fir l( , sin , t sin<rt*l 

U), = 4L _i r , ““ + ~) +!s “J 

+ r 2L2p (56) 

These equations can be applied, with a few precautions, 
even when a = 0. if we set 

t = as '57) 

and if we introduce the auxiliary functions of r, 
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i 

Jt <$ also remarkably easy to develop the analog of the 
Encke method in the parabolic variables. For this pur- 
pose, let us consider the non-perturbed reference solution 
i r and the deviation 8£ due to the perturbations. The true 


perturbed solution is then given by 


?=lr+s| 

(61) 

E = E 0 + 3E 

(62) 

For the reference solution, we have 


? ? . ? * [n aS 

f r == f o cos JS + 

<r 

(63) 

• Eo -> 

- 0 

(64) 


N65-32416 
F. Quantum Mechanics and 
Stochastic Processes 

R. W. Davies and H. Lass 

lu recent years there have been various attempts to 
obtain a better undei standing of the Schrodinger wave 
equation on the basis of hydrodynamical analogies. 0 In 
tb’S article we will obtain a connection between the 
Scnrodinger wave equation and a partial differential equa- 
tion which arises from a discussion of stochastic processes. 

First we derive the stochastic differential equation 


3 f 2 




( 1 ) 


Taking the second derivatives of Eqs. (61) and (62), we 
obtain directly the differential equations for S| and 8E : 


E •* 8E t 
H = jH + Y ir + 1 ? 


(65) 


$E = R = (i‘P) 


( 66 ) 


These equations can now be integrated numerically, using 
the values given by Eqs. (61), (62), (63), and (64) for the 
right-side members E and £. 


The elements of Eq. (1) will become clear as we pro- 
ceed to its deri\ation. Let us consider an ensemble of 
curves x = $ (t, a). The parameter a, which may be multi- 
dimensional, is determined from a probability density 
function. Each choice of a determines a member of the 
ensemble. We are interested in obtaining an expression for 
the density function p (x, t) such that p {x, t) dx represents 
the probability that at time t the vahie of 6 ( t , a) lies in 
the range (x\ x + dx). 

Consider the integral 


6. Application to the Atmospheric Drag 
Perturbations 

In the physical coordinates (x, t/), we have the pertur- 
bation acceleration X =- (? £ ,? y )\ 



8 [X — <j> ( t , «)] p (a) dadX 



8 [X — <j> (ty a)] p (<*) dxda 


X “ 



(67) 


with 8 the Dirac delta function. Now 


(2) 


where B is the drag coefficient, p (r) the atmospheric den- 
sity, and v the magnitude of the velocity. The correspond- 
ing perturbation acceleration in the parabolic coordinates 


(£, v ) is 

P = -2 B P v( 

(68) 

where v is given by 

2 

v = — 
r 

ue + ?)((• + ?)]* 

(69) 



8 [X <f> (ty a)] dX = 


1 for a such that <j> (ty a) < x 
0 for a such that <f> (f, a) > x 


( 3 ) 


Hence 

F(x,t)=[p(«)da (4) 


The term which is needed for the integration of the dif- 
ferential equations is exactly 

F = -'p = - Bp [f(£ + *■)]*? (70) 


*Bohm, D. ( r/ .jrtcal Review , 1952; Bohm, D. and Vigier, J. P., 
Physical Revieu) t 1954; Madelung, Z., Physik> 1926; Moyal, J. E., 
Proceedings of the Cambiiage Philosophical Society , 1949; Schen- 
berg, M., Nuovo Cimento, 1954; and Takabaysai, T , Progress of 
Theoretical Physics (Japan), 1952. 
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with S the set of a for v/hich (t , a) < x. Thus F (x, f) is 

the distribution function associated with p(x,t), he., 
P ( x , f) — cF/dx, which yields 

p(x,t)—J $ [x — <£(t,a)] p(a)da (5) 

Next let us consider the speed v = x = (t y a)/dt . If 

p (x, t; c, f) dx dv represents the joint probability that 
<t> (f, «) lies in the range (x, x + dx) and i (f, a) lies in the 
range (o, u + do), it can be shown that 

p(Xjt ; O, t) — [ $ [x — <f> (f, a)] 5 [o ^ (f, a)] 

J -A, 

X p{a)da (6) 


Ii is also a simple matter to derive the equation of 
continuity 


Op 

dt 


+ (p* 5 ) = 0 


(ID 


Ws now show that the time- varying one-dimensionai 
Schrodinger wave equation can be put into the same form 
as Eq. (1), with p = ***, such that * is a solution of 




a 2 a 2 

H = - r- — + V 
2m ax 2 


( 12 ) 


Of particular interest is the conditional probability that 
(f, «) lies in the range (o, v - i - dv) given that <j> ( t , a) = x. 
From Bayes' postulate. 




p(x,t;V,t) 

p(x,t) 


(7) 


and is die complex conjugate of satisfying 


_ b** 


V is the classical potential function. 


and the mean-square speed of all curves passing through 
x at time t is given by 


v 2 (x, t) ~ ~)j ¥ (*> «)S[r- <f> (r, a)] 

X p (a) da (8) 


Similarly, the mean acceleration of all curves passing 
through x at time t is given by 


a(x,t) 


X p (a) da (9) 


.From Eqs. (S'! and (9) we obtain 


From Eq. (12) we have 



F.q. (14) is the well-known continuity -auation of 
quantum mechanics. Comparing Eqs. (11) ani (14) leads 
to the result 


^ (*>*) - - f “ tr (h «) s" <* - * (t, *)) 


/>«(*><) 


2im\ dx cx / 


(15) 


" £ (*, «) &'{X — <}> (t, a))] p (a) da 

( 10 ) 


A further time derivath e of Eq. (14), aloug with 
Eq. (12), yields 


Differentiating Eq. (5) twice with respect to t yields 
Eq. (1) by making use of Lq. (10). The reader is referred 
to a paper by J. E. Meyai in the Journal of the Foyal 
Statistical Social/, Vol. XI, 1949, for a different derivation 
of Eq. (1). 


av\ ay 

3f 2 m dx \ p dx) 4 m a 3t 4 

4i* d 2 /d%d**\ 

+ ro*ax 1 (3x"l / 


(W) 
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Next let us assume that the speed of the particle [now 
represented by a probability packet given by /*(*,*)] is 
given by 


v (x, t ) = w (x, t) -f n (x, t) (17) 

with u (x, t) defined as a perturbation whose mean is zero, 
so that 

v(xj) = U){x y t) 

v* (x, t) = U/' 2 (x, t) -f u 2 (x, t) (18) 

with w (r, t) satisfying the continuity equation 

| + |(^)=0 (19) 

from Eqs. (11), (14), and (18). 

Squaring Eq. (15) yields 


and we note that a(x,i) corresponds to the classical 
acceleration. 


Next we show that Eq. (24) is consistent with the 
Heisenberg uncertainty principle. Let us assume that xp 
and dp/ dx vanish at x = dt oc . The total perturbation ha 
momentum is given by 





m 2 a 2 (x, t) p (x, t) dx 


(25) 


Thus 


A 5 pA 2 * = - j j p ~ ^ dxj (x -- i y (, (/., t) dx 

’V-lKW‘ L Jj x - si ' pMd ’ 
*?[/>-**]■- 1 < 



■*aTaT + ** 



(30) 


by applying the Cauchy-Sehwarz inequality a^d perform- 
ing an integration by parts on the hist integral. 


Furthermore, 


torn p ~ so that 

4P 3*3*2 = . -ft* 1 /3 P y 

m*3* 3x ^ + 4m 2 p\ex/ 
Eq. (16) now becomes 

av 3’ r / . 3’iivM 

3F = a^L p v“ > 


( 21 ) 


(22) 




Now we note that Eq. (23) is a nonlinear differential 
equation in p (x,t). In general, it will have a unique solu- 
tion provided p and dp/dt are given at t = 0. Since at 
t — 0 we have no reason to believe that the wave packet 
is moving to the left rather than to the right, we may 
assume dp/dt = 0 The substitution p = *** reduces Eq. 
(23) to two linear equations in * and namely, the 
Schrodinger wave equations. Previous hydnxhmamic 
analogies discussed by the authors mentioned in Foot- 
note 6 deal chiefly with models yielding a diffusion equa- 
tion for which p(x,t)^0. The mean-square velocity 
perturbation term 


h 2 d 2 lnp 
4m 2 9x 2 

guarantees that the solutions of Eq, (23) are nonnegative. 
It is logical to define the mean energy at any time t as 


Thus we ha ye obtained Eq. (1) with 


«*(*,*) = 


•ft* g’Inp 
4m* dx 2 


a(x,t) = - 


J_3V 
m dx 


(24) 


/ • m f w 

pVdx + ~ 2 j w*pdx 

with 




(27) 


w(x,t) 



Sp((,t) 
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The steady-state energy levels are given by 

If one wriles p — | * | 1 2 3 4 5 6 7 , it is a simple matter to show that 
the value of £ as given by Eq. (28) is in agreement 
with the value of E obtained from 


In this field the entropy H (mean information per obser- 
vation) is usually defined by 

H = -j * P (r)\n P <x)dx (30) 

which occasionally yields the unsatisfactory lesult H < 0. 
Let us define H for a continuous density function by 


2m dx? 


f (V-E)* =0 


(29) 



c-lnp (x,t) 
>(*,*) dx 


One need only multiply Eq. (29) by Sr and perform an 
integration over the range ( — go < x < oo ) to obtain the 
desired result. 

The mean-square velocity pertarbation term may be 
intimately connected with the study of information theory. 


as suggested by the above analysis. Then 



dx>: 0 


provided dp/dx vanishes at x — =t oo . 


(31) 


(32) 
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Erratum 


The following correction should be noted for SPS 37-31, VoL XV: on Fig. 2, 
p. 9, the Chebyshev, even n plot should follow a smooth curve intersecting the 
2 X 10° grid on the abscissa at 3.14 on the ordinate. The isolated Chebyshev, 
even n point should be omitted from the plot. 
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II. Scientific Programming 


N 65 -524 17 

A. Numerical Integration over a 
Family of Ellipses Using a Second- 
Sum Multi-Step Integrator 
Employing High-Order 
Backward Differences 

C. J. Devine 

J. Introduction 

This is a continuation of accuracy studies of a second- 
sum Adams-type predictor-corrector numerical integrator 
(subroutines FORTSZ, TREK) that employs high-order 
backward differences; it has been in use at JPL. for the 
last four years (S PS 37-31, Vol. IV; SPS 37-32, Vol. IV; a 
complete description of the integrator is given in Ref. 1). 
The method of integration and the method of computing 
the errors will be the same in the present study as the 
methods used in the above references. 

In Part 2 a description of the second-order differential 
equations to be solved is give a, along with the analytical 
solution of the differential equations from which the true 


solution was computed for a check of the errors made 
in the numerical solution. Part 3 presents the detailed 
derivation of the integration formulas and the method 
of computing a starting table. The coefficients employed 
in Eqs, (12), (14), (16), (17), and (18) were computed by 
a 7094 computer program [coefficients for FORTSZ 
(CFF)], using 140-bit (^ 42 decimal place) arithmetic. 
This program will compute coefficients to any order de- 
sired (for a list of coefficients in decimal and octal up to 
order 15 consult Ref. 1) Part 4 describes the main results 
of the integration over a family of ellipses determined 
by the eccentricity e, where e takes on the values 

0 1, 0.2, ■ ■ • , 0.9. 

2. Method 

The second-order differential equations to be solved 
were 

x = f (x, y) = - (n 2 a 3 ) x/r® (1) 

# = /(*,</) = -(n 2 a 3 ) y/* (2) 

where r* = x 2 4- y 2 . 
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The integration was done over a family of ellipses de- 
termined by the eccentricity e. The initial conditions 
were 

x(0) = a(l — e) x(0) = 0 

v( 0) = 0 y(0) = a(l-e*)*/(l-e) 


Once u has been found, then by substituting in Eqs. (4) 
through (7), the solutions x,y and their first derivatives 
x, y are obtained. Successive time points are computed 
by incrementing t in Eq. (3). 

3. Solution Method 


with a = 1, n “ 1, and M = 0. Here, a is the semi-major 
axis, n is the mean motion defined by n = 2ir/T, where 
P is the period, and M is the mean anomaly defined by 


M — nt (3) 

Then for x, y lying in the orbital plane with the x-axis 
directed toward pericenter, solutions were given by 

x — o (cos u — e) (4) 

y = b sin u (5) 

with the first derivatives given by 

x — —an sin u/(l — e cos u) (6) 

y-nh cos u/( 1 — e cos u) (7) 


where b = a (1 — is the semi-minor axis and u is the 
eccentric anomaly. The eccentric anomaly is an angle at 
the center of the ellipse between the line of apsides 
and the radius of the auxiliary circle through a point 
that has the same x-eoordinate as a given point on the 
ellipse. The eccentric anomaly u is determined from 
Kepler s equation 

f(u) = u — esinu — M (8) 


by a Newton-Raphson iteration as follows: 

Given a first approximation to Kt piers equation 

u = M + esinM + %e a sin2Af (9) 


computed in single precision, then u is found by iteration, 
using the Newton-Raphson equation in double precision 


t**+i — a* “ 


n« k ) 


( 10 ) 


given explicitly as 

«* + i - U k « (Af - Uk + esinu*)/(l - ecosti*) 


The computer algoritlim used to numerically solve this 
system of second-order differential equations was a multi- 
step method in summed form. It is closely related to the 
familiar Adams* type methods. The algorithm may be 
regarded as consisting of twe parts: (1) a starting pro- 
cedure to produce the solution values at the first m + 1 
time points, and (2) a stepping procedure of the predictor- 
corrector type to advance the solution one time step, mak- 
ing use of the solution at the m immediately preceding 
points. 

In the following discussion the formulas will be given 
for one variable x only. Identical formulas would be used 
for y. 

The well-known Adams- Moulteu corrector formula 
may be derived as follows, where the Taylor series 
formula e .p(hD) = E — (I — V)' 1 is used in the form 
P- 1 = -h/ln(l - V): 

~ *n-i = J X (r) dr = V (D " 1 X n ) 

- V(-h/ln(l- V))x n 
-MV/ [i (vy i)])x n 

Ui 

» = 0 

= ft(V 0 -%V‘-%2V 2 -%4V 5 - •••)*» 

(n; 

The “summed” form of this formula may he derived by 
writing the left side of Eq. (11) as Vi, and then applying 
the improper operator V * 1 to both sides of the equation: 

i„ = M-l/ln(l-V)]*„ = h(i b ( 7 { )X» 

*=-i 

— h (V ' 1 — % V° — V* - V s — •••)*. 

( 12 ) 

The expression V -1 x n , which appears in Eq. (12), is 
called a first sum of X„ and satisfies the relation 


with a final iteration in extended precision. 


V’ 1 *,- V- 1 (13) 
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So far V' 1 * has only been defined to within an arbitrary 
additive constant. The practical use of Formulas (12) and 
(13) requires that an initial value of V" 1 x be derived from 
the given initial value of x. Details on this point will be 
deferred to a later paragraph. 

A generalization of Formula (12) that gives x n ^ 8 for 
arbitrary values of s is obtained as follows: 

= E 'x n = (1 - V)*x n 

= h[— (1— V)Vln(l- V)1*« 

= fc(2 &< a) V 4 )*. (14) 

i --1 

With s = — 1 this is a predictor formula, i.e., the summed 
form of the Adams-Bashforth formula: 

i B .i = /»(V' 1 + ^V ,, + ^V 1 + %4V 2 + • ■ * )x» 

With 0 < $ < 1 Formula (14) may be used for interpola- 
tion fc values of x in the interval between t n ~i and t n . 
Formuia (14) will be used with a pDsitive integer value 
of s as part of the starting procedure to be described 
below. 

A similar formula giving x in terms of the backward 
difference line at x Ti will also be needed. Reducing the 
order of derivatives in Equation (14) by one, we obtain 

= M-(1- V)7ln(l - V)] x» (15) 

Then replacing x n in Eq. (15) by the right side of Eq. (12), 
we have 

xn-, = h*{(l - V)7[ln(l- V)] 2 }*, 

= h 2 ( i a</> V*)x» (10) 

As with Formuia (14), the use of appropriate values of s 
in Formula (10) provides for prediction, correction, inter- 
polation, and starting. In particular, the predictor and 
corrector formulas are, respectively, 

P x n+1 - /» 2 (V ' 2 + 0- v - 1 + Vi2 v° 

+ yi 2 V 1 + 1 %40\7 2 + ••♦)*» (17) 

. c x n = h 2 (V' 2 — V" 1 + Vi 2 V° 

-1-0' V l -%4oV 2 - •••)*■ (18) 


The expression V ‘ 2 x that appears in Formula (1G) is 
called a second sum of x. It satisfies 

“ V' 2 x n _! = V” ; x„ (19) 

and its initial value must be determined from the given 
initial value of x. 

To step the solution ahead one time step, Formulas (14) 
and (16) are used with s — — 1 for prediction and s = 0 
for correction. The method will be said to be of index m 
if the highest order difference used is V m x. 

The computation of the solution at the first m + J time 
points requires a special starting procedure. Assume that 
initial conditions x 0 a 1 x 0 are given at time t 0 and form- 
ulas of index m are to be used. The goal of the start- 
ing procedure may be regarded as the establishment 
of the backward difference line at x m . This requires 
the determination of m 4- 3 quantities, namely V* x m , for 
i= — 2,-1, 0,1, • • • ,m. An equivalent set of m + 3 
quantities is x a ,x t • ■ * ,x m , V’ 1 **,, and 7" 2 x,„. The 
quantity x 0 is immediately available since x 0 = / (x u ). 
The remaining m + 2 quantities must satisfy the m + 2 
simultaneous equations obtained by using Formula (14) 
with n = in, s ~ m and Formula (16) with n — m, 
s = 0, 1, ■ • • , m. This system of m + 2 equations is non- 
linear if f is nonlinear and thus must in general be solved 
by some iterative method. The specific organization of the 
starting procedure used in the subroutines FORTSZ and 
TREK follows: 

(1) Compute an initial estimate for Xi, x*, i = 1, • * * , m, 
using the Taylor series and x 0i x Vi and x 0 = f (x 0 ). 

(2) Compute accelerations f (xi) for points t u f a , • * , t m . 

(3) Compute backwa d difference line at t m , 

(4) Compute V’ 1 f ( x m ), using Eq. (14) with s - m. 

(5) Compute V" 2 f (x m ), using Eq. (16) with $ - m. 

(6) Compute new estimates of x„i = 1, • * ,m, using 

Eq. (16) with s = 0, 1, • * * ,m -- 1 and x u i -- 1, 

■ • • ,m, using Eq, (14) with $ = 0, 1, • • * ,m — 1. 

(7) Go to 2. 

The algorithm is complete when the absolute difference 
between the difference lines of two successive iterations is 
zero or some arbitrarily small £ . 
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4 . Analysis of Results 

The solution errors were computed at each integration 
point as the magnitude of the difference between com- 
puted solutions, x, y, and true values of the solutions 
computed in extended precision by the method given in 
Part 2. At approximately every Vio of a cycle, up to p 
cycles, t:he maximum error observed in each of these 
quantities was output Figs. 1 and 2 indicate the cumu- 
lative maximum error at the end of 5 cydes as a function 
of the eccentricity e, and the step size h , for index m — 7 
and m = 14, respectively. [A formula is said to be of index 
m if the highest order difference used in Eq. (17) or (18) 
is V m x.] The ordinate of each graph represents the nega- 
tive log base 10 of the maximum error up to 5 cycles, and 
can be interpreted as the number of correct decimal digits 
in the computed solution. Each curve represents the num- 
ber of correct digits for a given step size h. 

Ellipses considered were those of eccentricity e — 0.1, 
0.2, 0.3, 0.4, 0.5, 0.0, 0.7, 0.8, and 0.9. For a given eccen- 
tricity e, the step sizes used were h = 2 -5 , 2‘ 8 , 2~ 7 , 2~ 8 ; and 
for e = 0.9, two additional step sizes used were h = 2 _& , 
and h = 2~ i0 . In general, for a given h and e, the integra- 
tion maintained a greater degree of accuracy for index 
m = 14 than for index m — 7, and in some cases a striking 
increase of accuracy was acquired by simply increasing 
the index from m = 7 to m = 14, i.e., doubling the order 
of backward differences carried. For example, for h = 2 -5 , 



Fig. 1 . Cumulative maximum errors as a function of 
the eccentricity e and the stop sire h 
for index m = 7 


or approximately 200 steps per cycle, index .n = 14 con- 
sistently maintained 1 to 4 more decimal digits of accuracy 
than did m = 7, until the integration was done over an 
ellipse of eccentricity e = 0.9, where in both 'ases the 
integration was unstable. Here the step size was /educed 
to h ~ 2 10 for both index m = 7 and index m = J4. For 
mdex m = 7, the integration maintained a little les. than 
7 decimal digits of accuracy, while for index m - - 14, 
better than 10 correct digits were maintained, an inert use 
of 3 digits. 


5. Conclusion 

More extensive tests have been performed for various 
indexes from m = 1 to m ~ 19 with results similar to those 
previously obtained (see references cited if. Part 1). The 
results, in fact, closely parallel the work done previously 
over the unit circle. For small eccentricity, say e^^.2, 
the eccentricity associated with most of the planets, the 
results are almost precisely the same as for those done 
over the unit circle. For large eccentricity, say e^0.25, 
a smaller step size h is required to obtain the same ac- 
curacy; or, in other words, the truncation region has 
now moved farther to the right. In any case, for a given 
h , increasing the index m generally gives a correspond- 
ing increase in accuracy at no increase in cost (no more 
derivative evaluations). 



Fig. 2. CcmuSativo maximum orrors as a function 
of the occontricity • and tht stop sizo fi 
for index m — 14 
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IN. SFOF and Data Systems Development 


N 65" 324 18 

A. Bimat Film Processing for 
Ranger IX 

f C. Billingsley 

As part, of the overall work involved in the digital video 
data processing activity, we have found it necessary to 
investigate various film systems and methods of film pro- 
cessing. One ui these has beee. the bimat process recently 
introduced by the Eastman Kodak Company, 

This is a diffusion transfer process which produces 
simultaneously a positive and a negative. The processing 
procedure consists of placing an imbibed bimat film in 
intimate face-to-face contact with the exposed negative 
material for a suitable length of time to allow the chemical 
reactions to go to completion. The materials are then 
separated and each one washed and dried in the normal 
manner. The bimat film contains the processing chemicals 
and is damp and slippery to the touch, but contains no 
free liquids. At this stage of development, the bimat film, 
which becomes the positive, is available only in trans- 
parent material, although it will eventually be available 
in an opaque material. 

Because of the absence of free liquid to fill voids, the 
laminating process is quite critical. Mark Systems, Inc., of 
Sunny vde, California has built for us a batch processor 


which performs this lamination. Figs. 1 and 2 show the 
processor loading configuration and the unwinding con- 
figuration, respectively (in these photographs the normally 
transparent bimat material has been replaced by film so 
that the bimat configuration would be visible). The opera- 
tion is self-evident from the photographs. After threading 
of the bimat onto the take-up spindle and the threading 



' -f-omorn u> * v 
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Fig. 1 . Bimat processor loading configuration 
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Fig. 2. Bimat processor unwinding configuration 


of the film leader in contact with it, an external (light- 
tight) cover which has been provided may be installed 
and the lights turned on. (Complete daylight operation 
may be utilized if the film supply is on a daylight loading 
spool; otherwise, the film threading must be done in a 
darkroom.) Running the machine then pulls the bimat 
and film onto the processing and take-up spindle unt ; l the 
film supply is exhausted, at which time a switch under the 
erd of the film indicator arm turns the motor off. The 
cover is then left on for the required 15 min of processing, 
after which time it may be removed in daylight and the 
film delaminated in the unloading configuration. 

It has been found that both the negative and the bimat 
require much less than the normal amount of washing— 2 
to 3 min being sufficient. We find that the bimat material 
takes perhaps three times as long to dry as does the film. 


32 ! 



RELATIVE LOG EXPOSURE 

Fig. 3. Density log exposure curves for S0337 film 
developed with Bimat room temperature 


was the only one available at the time. Note the sharp toe 
of the positive curve which necessitates a quite restricted 
density range in the negative. The video film converter in 
the Lunar-TIC was adjusted to give a peak negative den- 
sity equal to 1.2 to avoid washout of the positive. It is 
expected that with the optimum imbibant MX625 a much 
wider negative density range will be usable. 

The processor was loaned to us tv Mark Systems in a 
precornpieted state and has since been returned to them 
for completion. Due to the precornpieted state, some 
minor mechanical difficulties were encountered which 
were circumvented for the Ranger IX support and 
which are being cleared up by the manufacturer. Com- 
pletely satisfactory operation anticipated upon its 
return. 


This process was used to supply the science users with 
dry positive and negative films before 9:00 a.m. the morn- 
ing of the Ranger IX impact. Th< j source data was a mag- 
netic tape recorded in the Telemetry Processing Station 
from the microwave signal of the pictures which were 
transmitted on commercial television. This tape was 
played back twice in the lunar television image con- 
verter (Lunar-TIC) to obtain the A and B camera pictures. 

The density log exposure curves obtained for this mate- 
rial under these conditions (room temperature processing 
for 15 min) are given in Fig. 3. These are for the MX615 
imbibant, which is not optimum for this film but which 


The bimat process currently shows the effects of its 
infancy. Kodak has not yet perfected its packaging 
techniques, and due to either oxidation or drying-out the 
material has a limited shelf life even in the unopened 
package. Several rolls of material which were used about 
a week after impact showed evidence of deterioration. 
This begins as a color change in the positive, and with 
further deterioration development becomes incomplete 
and a transfer of silver to the positiv e does not take place. 
Kodak is presently imbibing the material in New York 
and can supply it upon several days notice. At this date, 
due to the deterioration problem, K(xUik dors not recom- 
mend that we store the materia 1 more than 2 to 3 weeks 
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at room temperature before using; however, shelf life at 
40 deg is 3 months. 

Conclusions: 

(1) With proper lamination such as produced by the 
MarV Systems processor, no difficulty is encount- 
ered due to nan-out, air bubbles, etc. Short lengths 
of up to perhaps 3 ft may be laminated with a 
roller upon a table top, but lengths longer than 
this should be laminated in the processor. 


(2) Although the shelf life of the material is limited at 
present, Kodak is working to improve this. 

(3) Further optimization of the imbibant will allow a 
greater negative density. 

(4) The process as a whole is quite satisfactory and 
enables the production of a negative in less time 
than could be accomplished by wet processing 
and in addition produces a high-quality positive 
simultaneously. 
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GUIDANCE AND CONTROL DIVISION 


IV. Spacecraft Secondary Power 




A. Power Sources' 

R. A. Boring 

?. Solar Thermionic System 

Structural environmental testing was performed on a 
lightweight solar thermionic system which consisted of 
a 5-ft-D nickel elect reformed mirror, uibular aluminum 
coaxial conductor/ generator support, and a inockup gen- 
erator. The evaluation of this engineering model has 
shown some design deficiencies in the components; how- 
ever, preliminary analysis of the test data indicates that 
lightweight solar thermionic power systems can be de- 
signed to successfully meet the dynamic load require- 
ments necessary for space Hight qualification. 

This model has been subjected to complete environ- 
mental tests to jrL Specification G M P-342 JS-TST. which 
is essentially the Mariner C Solar Panel Type Approved 
level requirement. The tests at this level tevealed no 
apparent damage to either mirror, conductor support 
structure, or mockup generator. A further test was con- 
ducted to observe the effects of a Safurn-GYn/aur launch 
acoustic vibration on the thermionic system model. It 
was after this test that a failure of the mirror-torus 
attachment was detected. This environmental test pro- 
gram has been discussed in SPS 37-30, Veil. IV, pp. 32-41. 


2 . Environmental Test Results 

The Solar Thermionic System environmental test pro- 
gram includes: (I) Magnetic field, low-current tests to 
determine the design effectiveness of coaxial parallel elec- 
trical conductor structural support arms. (2) High current 
(50 amp, 3.2 v) tests to measure current carrying capa- 
bilities for the conductor structural support arms de sign. 
(3) Acoustic noise tests to measure structural integrity 
of the system. (4) Thermal vacuum and shock tests to 
measure thermal and structural integrity of the mirror, 
converter, support arm system. (5) Mechanical vibra- 
tion, acceleration and shock tests to measure system struc- 
tural stability and to determine resonances. 

The test with an actual generator heated by electron 
bombardment has been postponed until all the data from 
these tests can be evaluated und the design can be ap- 
propriately modified if required. 

a. Magnetic field r cm 1ft. The system had no mea- 
surable perm-field of its own, when measured at 5 ft from 
the geometric center of the mirror, with the magnetom- 
eter on 1 milligunss full-scale range. About a 1-milligauss 
field was induced at 5 ft from the mirror geometric cen- 
ter in the plane of the concentrator. No measurable field 
is induced from combination parallel coaxial conduc- 
tor support arms when leads are all identical und ground 
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loops have been eliminated, allowing the current in both 
inner and outer conductors to be essentially equal in mag- 
nitude and opposite ; n direction. 

It has been estimate d that the effect of these magnetic 
fields on the performance of a spacecraft's attitude con- 
trol would result in a worst-case torque of 0.003 in.-^z 
for a near-Earth orbit; i.e., 0.0001 oz on a 30-in. moment 
arm when the mirror plane is inclined 45 deg to ihe esti- 
mated 0.25 gamma near-Earth magn^M • vld 

b , High current carrying capability test*. This test was 
performed in the laboratory with a DC supply delivering 
50 amp at 3.5 v to the power takeoff points of the gener- 
ator support structure. The test setup is shown in Fig. 1 
The current flowed through the arms to the cables as 
shown and through a carbon load. The length of the 
cables which interconnect the support arms and the load 
is believed to be representative of the distance which 
could possibly be realized when the system is attached 
to a spacecraft. The test indicated the following; 

V tm = 3.5 v / iB = 50amp 
V i oad 2.8 v 1 1 uad 50 amp 


This indicates a total voltage drop of 202 of the input. 
The loss through the support arms alone was 102 of the 
input, which was the design goal for this mode!. 

c. Acoustic noise tests . The engineering model was 
mounted, as shown in Fig. 2, in the JPL 960 ft’ reverber- 
ant chamber and was subjected to the Mariner C Solar 
Panel Type Approval level (142-db, Atlas- Agena D) of 
acoustic noise. The test was of 90-sec duration with no 
apparent damage observed during post test inspection of 
the model. A second test was then performed with the 
noise amplitude increased 6 db to give 148 db (Safurn- 
Centaur levels) for 90 sec. Post tes inspections revealed 
that the mirror skin-to-torus attachment failed. The fail- 
ure occurred in the area where the skin is attached to the 
web (see Vtg. 3). Failure was essentially complete around 
the mirror circumference, with only a few small areas 
(approximately 3 in. long) remaining attached. The skin 
did not show evidence of damage although some damage 
did occur during removal from the chamber. Reason for 
failure has tentatively been evaluated to he that the area 
of the web where the f lilure occurred was relatively thin 
and the point of attachment was not a smooth radius. 
It is felt that the sharp bend in the web material was a 



Fig. 1. $#tup for ittHnf High current carrying capability 
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significant factor in this failure. The possibility that the 
failure was the result of fatigue from the first test has not 
been discounted and further investigations are continuing 
tc more thoroughly analyze this area. 

cl. Thermal-vacuum tests . The model was subjected to 
thermal- vacuum tests in the JPL 7 X 14 ft vacuum cham- 
ber. Prior to performing these tests, the mirror torus at- 
tachment (as damaged in the previous acoustic tests; was 
epoxy-bonded to prevent possible gross thermal distor- 
tion of the skin and subsequent damage of the support 
structure due to deflection and concentrated thermal 
energy. The test setup is shown in Fig. 4(a), (b); in these 
pictures the epoxy bonding is obvious. Fig. 5 shows the 
location of the thermocouples, chromel-constantan, on 
this test model 


The chamber was evacuated with the assistance of the 
wind tunnel compressors to simulate the Atlui launch 
pressure profile recently applied to Mariner C shrouds. 
The pressure was further reduced and maintained 
throughout 24 hr of testing at less than 6 X 10 ' torr. The 
chamber was cooled to — 300 F after the chamber 
reached 1 X 10 4 torr, and the mirror was allowed to 
cool until a temperature of 32° F was recorded. 

The lamp bank shown in Fig. 4(b) was then allowed 
to irradiate the model with the radial intensities shown 
in Fig. 6 and also relative to the plane of the inirrm as 
shown in Fig. 7. The temperatures were allowed to stabi- 
lize. After 5 hr from pumpdowm, the lamps were turned 
off and the mirror was allowed to cool until a tempera- 
ture of 32°F was measured (approx 24 min). At this time. 



Fig. 0, Axial acceleration tost setup with three vibration exciters 
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the lamps were turned on again, and this condition was e. Mechanical vibration tests. In 1961, JPL engineers 
held until a total of 24 hr had elapsed. The cold wails attempted to test a 5-ft-D mirror to the Mariner B vi- 

vere returned to ambient, and the chamber was brought bration levels. The test was never concluded due to 

to atmospheric pressure. deformation of the mirror skin, which is now believed 

atiributable to the shaker fixture design. The setup used 
No change in the mirror or support arms was noticed for tests prepared this year is shown in Fig. 8. Three 

during or after the test period. No heavy outgasing nor vibration exciters are utiliz' d, one at each of the mount- 

contamination of the mirror surface or chamber walk ing points, which are nin in phase for axial acceleration 

was observed. The temperatures range’ from 524 : F at testing. Transverse acceleration tests were also per- 

point 34 to — 23°F at points 11, 12, 13 of Fig. 5 during formed, as shown in Fig. 9. Both axial and transverse 

the stabilized portion of the test. As shown on Fig. 7, the vibration tests were performed at the Marirur C Solar 

intensity at the support ring (point 34) was approximate!) Panel Type approval levels, with the exception that the 

190 mw/enr while at the same time the intensity at the highest level required of a panel was used for all three 

toms (points 11, 12, 13) v,*as appre ximately 70 mw cm ’. axes (X, Y, Z) of the thermionic mode! system. The re- 

The data for this test is presently in the process of being paired mirror noted before was used for initial testing, 

reduced, and only a preliminary analysis has been made. and a sister mirror similar to the repaired concentrator 
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was used during later phases to determine whether the 
test data would he reproducible. 

Resonant frequencies were observed as follows: 


Complete st ucture 33 cps 

Support arms 53 cps 

Concentrator 153 cps 


These frequencies were repeatable from mirror to mirror 
and also in both axial and transverse directions. As seen 
in Fig. 10, after final testing, the mirror and support 
structure have not degraded significantly from the tests 
performed, as was the case during previous tests. 

A continuation of this program is planned, utilizing 
improved mirrors and fixed and movable support struc- 
tures in order to further the engineering evaluation 
of the mechanical, dynamic and static characteristics of 
flight-weight solar thermionic power systems. 





Fi9. 10. Mirror end support structure oftor final testing 

N65-32420 

B. Energy Storage 

R. iutwack and G. M. Arcand 

1 . Development of Separators for Heat Sterilizable 
Batteries, * n*twa<fc 

The research work continues in the development of a 
separator for the Ag-Zn battery that will be capable of 
withstanding heat sterilization. The work under Contract 


951015 with Radiation Applications, fnc. has progressed 
to the selection of one material for the vtak*-up phase, 
and this material is in the process of production. Another 
contract in which new thermostable polymers will be 
investigated is being negotiated. 

In Contract 951015, the following degrees of comple- 
tion have been obtained: (D Forty four of the fifty-one 
materials have been prepared, and seven are in process; 
(2) forty of these have passed satisfactorily the prelimi- 
nary screening tests of exchange capacity \ tensile strength, 
dimensional stability' and resistivity, and five are in proc- 
ess, (3) twenty’ have undergone thermal sterilization at 
145 C, and fifteen are in process; (4) twenty-six are in 
process of thermal sterilization at 137"C; (5) twenty have 
undergone in-cell testing, and six are in process. 

Analysis of the test results showed that the material 
prepared from the low -density polyethylene by precross- 
linking with an electron beam irradiation to the 70-Mrad 
level followed by grafting with acrylic add should be 
considered for more extensive testing, and accordingly 
it was selected as one of the two materials to be prepared 
ic the 500 ft : fabrication phase. This decision was made 
on the basis of results in which 98? of the capacity rela- 
tive to control cells was obtained on each of the electrical 
test cycles; the level for satisfactory performance* was 
set at 90?. The preparation of this material is nearly 
completed. 

Nearly identical test results were obtained for a ma- 
terial which was prepared by the same procedure from 
the low-density' polyethylene with the exception that the 
irradiation level was 50 Mrad. This material has not een 
selected as yet for the 500 ft- preparation phase; the 
choice of the second of these materials will be made 
when a comparison of all samples is possible. 

2. Radiation Effects on 8 off ary Behavior, c. * Area m* 

Atomics International has completed its work on the 
effects of gamma radiation on the behavior of nickel and 
cadmium electrodes in alkali media. Detailed results are 
available in the final report (Ref. 1). 

a. Experimental . The experimental prt edure has been 
outlined in detail (SPS 37-31, Vol. IV, pp. 63-65). The 
only deviation occurred in two cases where cells were 
irradiated on open circuit. 

b. Result*. The average effect of radiation on the ca- 
pacity of the cadmium electrode is shown in Fig. II. In 
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STATE OP CHARGE DURING CYCLING.% 


Ng. 1 1 . Capacity lost of cadmium oloctrodo 

all cases, the cells were cycled and the total irradiation 
dose was 8.9 X 10 7 rads (H..O). The curve representing 
the net change is determined by plotting the difference 
between the comparison cells (operated in a water bath 
at 45°C) and the irradiated cells. Dashed lines are used 
between the 50$ and 25$ states of charge because only 
two measurements were made at 25$, and experience has 
shown this to yield insufficient quantitative information. 

Table 1 shows the distribution of material loss in com- 
partmented cells. Altliough all experiments have been 
duplicated, the results should be treated with caution. 


The data show that more material is lost from the 
cadmium electrode than from the nickel. Furthermore, 
the loss is greatest when the cell is cycled about the 
100$-of -charge point, and it levels off around 50$. 

None of the observed phenomena have been explained 
as yet. A literature search is underway which may sup- 
port certain hypotheses. The investigation has shown that 
high radiation doses cause partial disintegration of both 
the cadmium and nickel electrodes and a permanent loss 
of cadmium electrode capacity. These factors must be 
considered in any design of Ni-Cd batteries for use in 
high mdiation fields/ _ ^ 

N65-32^ 

3 . Thermal Decomposition of AgO and . / 

Ag,O f C. M. Arcand 

During work previously reported (S PS 37-30, Vol. 1Y\ 
pp. 31-32), there was visual evidence that the decompo- 
sition of Ag-O occurred primarily on the m terial surface. 
This appeared as a layer of silver. In order to check this 
evidence and to determine the effects of compactior on 
the decomposition rates, samples were prepared in pellet 
form. 


Tabl* 1 . EI«ctrod« material loss from individual 
4 loctrodos 


Ml <W|*. % 

Nymtojr 

MUHwmh 

Cd •toctred* 
Ms, mf 

Ni »Uctr*4* 
Im», 

100 

3 

21.9 

1.0 

75 

2 

21.0 

2.2 

50 

3 

1 1.1 

1.7 

25 

2 

107 

2.3 


The two cells which were irradiated on open circuit 
showed no significant capacity loss in reference to the 
comparison cells. 

c. There is little doubt that the irradiated 

cadmium electrode loses more capacity than the com- 
parison electrode, although the scatter in data is severe. 
There also seems little doubt that a maximum loss occurs 
when the electrodes are cycled about the 75%-of-charge 
point. This seems true of both irra Jiated and comparison 
electrodes. 

The data for the 25$-of-charge point are suspect since 
only two experiments were performed. It is unlikely that 
cycling about this point would cause an increase in 
capacity. 


a. Experimental All AgO samples were prepared in the 
laboratory and dried at room temperature in vacuum 
over P.O, Pellets were prepared from the dried powder 
in a press such that each weighed about 1.2 g and had a 
diameter of about 1.27 cm. Some of the first pellets used 
weighed slightly less than 1.0 g. 

Two pellets were placed between Lucite sheets, 
clamped *n position, and placed in a crucible. The ar 
rangement lid not permit covering the crucible. All other 
pellets were placed loose in crucibles, some of which 
were covered ’bile others were left open. 

All samples were placed in a drying oven controlled 
at 135 :±3°C. Periodically they were transferred directly 
to a desiccator and allowed to cool for 0.5 hr, after which 
they were weighed. The samples were returned to 
oven immediately after being weighed, 

b. Renut* and di*cu**Um . The first pellets treated were 
placed loose in covered crucibles. These lost weight at 
about the same relative rate; only one sample will be 
considered here, ^.iis pellet initially weighed 0.9683 g 
and lost 00 mg in the first 22 hr. Subsequent loss was 
considerably slower and roughly linear with time. The 
rate of loss was found to be about 1.2 X 10 1 mg/hr. 
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The formation of silver is best described with the aid 
of Fig. 12. It s iuld be noted that dimensions are dis- 
torted for clarity; the Ag layer thickness is about 5 /i. The 
reaction appears to be entirely on the surface of the oxide 
and primarily on those surfaces exposed to the atmos- 
phere. The bottom of the pellet showed little evidence 
of metal formation. Where fissures of 0.5 mm o; greater 
width were present, some penetration of metal occurred. 
There was no such penetration along fine cracks. 

Where the pellets were clamped between Lucite plates 
and heated in an uncovered crucible, the rate of loss was 
greater, as seen in Fig. 13. The slope of the linear portion 
of the curve is 4.1 X 10 '* mg/ hr. Here the initial sample 
weight was 1.1586 g, only 0.1903 g greater than that of 
the pellet described above and not enough different to 
account for the rate difference. However, the AgO stock 
was from a new batch which may well account for much 
of the difference. 

Silver metal formed on all surfaces in this case, but 
t YrOie in contact with the Lucite formed less metal. It is 
reasonable to suspect that Lucite can be oxidized by 
AgO and AgXD at this temperature. Thus the decreased 
reduction of the oxide caused by covering the surface 
may be partially counteracted by reduction of the oxide 
by the Lucite (2). We have no proof of this hypothesis 
at this time. 

Four similar pellets were placed loose in crucibles, two 
of which were covered. At the end of 89.7 hr, one of the 
open crucibles w'as covered and one of the closed cruci- 
bles opened. The results are shown in Fig. 14, For con- 
venience, the curves begin after most of the AgO has 
been converted to Ag..O. The rate of decomposition of 
material in the open crucibles is about 5.4 X 10 11 mg/hr, 
while that in the closed crucibles is about 2.7 X 10 ' 
mg. hr. Where a crucible was covered at 89.7 hr, the rate 
decreased and approached tliat in the closed crucible. 
Where the crucible was uncovered at 89.7 hr, the data 
showed a discontinuity which is probably caused by an 
experimental error. There is no duplicate experiment for 
comparison, however. After the discontinuity, the rate 
becomes about 6.5 X 10 * mg/hr. Ibis is higher than the 
other values and may be incorrect. 

In these last four samples the pellets “exploded" in an 
annular fashion except that sonic pieces from the top 
surfaces were ejected with sufficient force to be lost from 
the open crucibles. This accounts for the high weight 
loss from the open crucibles at 19 hr. No effort was made 
to normalize the values because this unknown loss would 
have made the results meaningless. 


The interesting result which has appeared is the effect 
on the reaction rate of the presence of a crucible lid. 
If one assumes the pertinent equation to be 

Ag z O - 2Ag f- ** D, 



SILVER OXiDE 


Fig. 12. Silver oxido pollot after heating at 135°C 
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Fig. 13. Weight loss of clampod AgO pollot at 135°C 



Fig. 14. Woight loss of various AgO pollofs at ?35*C 





JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV 


one might speculate that the reaction is reversible and 
that a very small change in oxygen pressure can cause 
a startling change in reaction rate. There remains a pos- 
sibility that small amounts of light leaking into the oven 
catalyze the reaction. Neither hypothesis is satisfying 
when one considers the magnitudes of pressuie change 
or light involved. 

The effects of atmosphere and light jn the reaction 
rate will be determined. No effort has yet been made *o 
relat? rate to particle size. One would "xpeet this to he a 
factor and some support for this is provided by the fart 
that pellets made from one stock supply decomposed at 
about one-half the rate of those made from another, all 
ether conditions being the same. The effect of particle 
size is to be determined. At the present time, commercial 
AgaO powder is being heated in open and closed cruci- 
bles to see if the same phenomenon occurs. 


C. Electrical Conversion 

G A Packer 

I. Computer Worst-Case Analysis 

The computer worst-case analysis effort is being pur- 
sued in order to develop an inhouse capability of worst- 
case circuit analysis for both new and existing circuit 
designs. JPL’s Transient Analysis Generator (TAG) com- 
puter program is being utilized for these purposes. Mesa 
Scientific Corporation has contracted to aid in the devel- 
opment and application of equivalent models of vinous 
circuit elements such as transisiors, diodes, and magnetic 
cores. The models will be able to cope with the van* 
linear operating regions of these circuit elements. Much 
progress has been made in the areas of component mode? 
ing and verifying. Experimental analysis runs cf well- 
defined circuits have been made in order to explore 
TAG's capabilities as a circuit analysis tool. 

To test the accuracy' and efficiency of TAG circuit 
analysis, an RC ladder circuit of 1, 2, 3, 4. 5 7, 10, and 15 
sections was selected. Solution runs of the 1, 2. i, 5, and 
10 section circuits were completed. The solution run 
of the 15 section ladder circuit was not completed, as 
present computer root finding routines which were at- 
tempted could not reasonably cope with polynomials of 


orders higher than 10. Hence ao solution run of the 15 
section RC ladder circuit could be made. With b< tter 
root Snding routines, analytic accuracy checks of *he solu- 
tions to RC ladder circuits of more than 10 sections can 
be accomplished. The u-s nits of these runs were com- 
pared with hand calculations, employing laiplure trans- 
form methods. These comparisons exhibit v actus acy 
of TAG circuit analysis. The output volt ' the RC 
ladder circuits ranged from zero to one \ u driven 

by a step function of one volt amplitude ic greatest 
difference between TAG solutions and analytic solutions 
was 0.15 X ’0 - volt. The greatest computer time useu 
(including TAG and FORTRAN compilation times as 
well as input loading and manually mounting the TAG 
compiler tape) was 7.4 min. This w'as the time consumed 
by the 15 section ladder circuit problem. A complete set 
of DC solutions to a three-stage transistor amplifier has 
also been completed. Ebers Moll non-linear transistor 
models were used in generating these solutions. A single 
transient analysis run of this amplifier was also attempted, 
but due to poor choice of solution control times no mean- 
ingful data was obtained. I nder a follow-on contract 
with Mesa Scientific Corporation, the transient analysis 
of this amplifier will be completed. A procedure for tin* 
evaluation of transistor static parameters was developed, 
and evaluation of a 2N10I8 transistor was made. These 
parameters were implemented in the TAG program by 
usv of an Ebers-Moll non-linear model, and families of 
characteristic curves w'ere drawn in by the computer 
These 1 curves were mmpared with those made of an 
actual 2N101?* on a Tektronix type 575 transistor-curve 
tracer Ti , agreement !>etwren actual and computer 
....ij-iel curves, (or l»oth base and collector families, was 
found t:> be quite good. A similar procedure for evalu- 
ating diode parameters was tried using a t inville Singled, 
diode model. This is a model develop?') by Mesa Scien- 
tific Corporation which offers a considerable improve- 
ment in dynamic fidelity. It makes ov. of Linvilles 
elements of combinunce and st ora net v ang!e-L net- 
work to model diode reverse recovery. A.A; d recovery 
time measurements were made on three > rent types 
of diodes, a \V\jtinghouse 479E, a l* nit rod** £‘TR22, and 
a Texa« instruments IN 1124. 

* ungle-L diode model wu^ d u.-r TAG, and a 

TAG tr«ui»ictil response for a ' of conditions w as 

generated. Si ice the results v- : well with analytic 
predictions, they can consul- *e » quite satisfactory 

A simple non-linear tore model has been prograi nmed 
and successfully ain. This n»odd is based on the present 
TAG availability of node pair voltage integrals. A more 
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sophisticated model hys been developed and has been 
undergoing program debugging. This model will able 
to account for hysteresis effects, including minor loop 


operation, as well as time-dependent domain switching 
effects- Its completion will be accomplished under the 
follow-on contract with Mesa Scientific Corporation- 
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V. Spacecraft Control 


H 

A. Sun tracker Control System 

T. Kerner 

A solar thermionic power system is now under devel- 
opment. In this system a 10-ft parabolic minor is used 
to concentrate the Sun’s energy at the focal point, where 
the active elements in the experiment are located. A Sun 
tracker control system is being designed to keep the 
parabolic mirror pointed at the Sun to within a 30-sec 
error. The mirror drive has two degrees of freedom, one 
in azimuth and one in elevation. For these axes, the two 


INTEGRATOR AND 
COMPENSATION 

SENSOR NETWORK 



control systems that govern the motions are identical. 
A block diagram of the mirror control system is shown 
in Fig. 1. 

1 . Sun Sensor 

The sensor used is characterized by a V omt . 0, * = K, gain. 
It is sensitive in two axes. A shadow bar is used to con- 
trol sunlight falling on two cadmium sulfide cells. When 
the radial toward the Sun makes an angle with the normal 
to the plane containing the two cells, a differential output 
voltage is developed that is proportional to tl at angle. 


VOLTAGE CONTROLLED 

OSCILLATOR AND MOTOR AND 

COUNTDOWN GEARING 



Fig. 1 . Sun tracker control systom 
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The output is linear to approximately ± 1 deg about the 
normal. For larger varies, the sensor is saturated. 

2. Control Circuitry 

The integrator and the -ompensaticn network are 
mechanized as shown in Fig. 2. W ith the assumption that 
the gain of the amplifier, — A, is very large, the transfer 
function of this configuration is 

s + I 

En C, T C, 1_ . __R, (C, + C,) 

E. R,*C,C, S' 1 

^ fl,C, 

and its effect is that of an integrator in series with a 
lead-lag network. The integrator in conjunction with the 
motor introduces a double pole at the origin in the char- 
acteristic equation of the open-loop gain. The double 
pole characterizes this as a type 2 system with a theo- 
retical zero offset error for a rarnp function input. Prac- 
tically. the drift of the sensor null, the dritt of the 
integrator, the drift of the V ,, and outside disturbances 
all contribute to the tracking error. The zero-pole combi- 
nation introduced around the operational amplifier in 
Fig. 2 is used to compensate the double pole at the origin. 


stator of the other. For a 00-cps input into both motors, 
two modes of operation are possible depending upon the 
phasing. For une phasing arrangement, the output shaft 
of the motor moves at 72C0 rpm, which is twice the syn- 
chronous speed of each motor. For a phase reversal on 
one motor, the output shaft speed goes to zero and the 
full 1 cz-in. torque is maintained. If the phasing is ori- 
ented as in the last-mentioned example and the 60-cps 
input to one of the motors is frequency-modulated, the 
resultant motor shaft output is proportional to tht modu- 
lating signal. This will be the operating mode while 
tracking. The maximum ~200-rpm output will be used 
in the slewing mode. The output which is geared down 
by 300,000 will drive the mirror structure. The use of 
the differential synchronous motor allows a considerable 
dynamic range of operation, i.e.. a nominal rate \.i 360 
rpm, and a slewing rate of 7200 rpm. 

4 Breadboard Model 

The system has been breadboarded in the laboratory 
with some modifications. A diagram of the breadboard 
circuitry is shown in Fig. 3. The linear sensor is substi- 
tuted by a potentiometer-generated voltage in the loop, 
and the gear train driving the mirror has been reduced 
to a typical one-stage gear train driving a potentiometer. 



The voltage controlled oscillator consists of a unijunc- 
tion transistor operated as a relaxation oscillator. A vari- 
able bias on the inpu f causes a proportional change in 
the frequency of oscillation. The unijunction transistor 
oscillates at a quiescent frequency of 960 cps. Four flip- 
flops are used to count the frequency down to 60 cps. 
The output and also the output at an angle of 90 deg 
are introduced into the differential synchronous motor. 


This has been done with the assumption that the inertia 
and the friction load of the mirror are negligible as seen 
by the motor and that only the first gear is significant. 
Open -loop testing of the V, „ and motor combination indi- 
cated a breakpoint at about 2 cps other than the pole 
due to the ideal motor. To stabilize the system, the zero 
has been mechanized at 0.17 cps, and the pole is two 
decades away at 17.7 cps. 


3. Control Motor 

The differential synchronous motor consists of two s\n- 
e mono us motors with the rotor of one coupled to the 


The system performed satisfactorily in the closed-loop 
configuration. The lead-lag points will be adjusted u'hen 
the motor is driven into the actual load. 


53 




JPL SPACE PROGRAMS SUMMARY NO. 3Z-3 3, 

N65- 32^23 
B. A Science Instrument Support 
Scanning Platform 

S Szirmoy 

The gu«d uf this effort is to iu\ estigatt* methods of 
achieving lightweight, low-power, high-reliability scan 
systems for acquinng. tracking, and scanning planetary 
bodies from a fly-by or orbiting spacecraft in such a man- 
ner as to permit the planet-oriented scientific experiments 
to meet their objectives. 

The platform subsystems will be comprised of a sensor 
and or programmer controller, and actuator. Its perform- 
ance will be optimized in terms of sensitivity (distance 
over which it’s operable), pointing accuracy, and ability 
to follow' preprogrammed instructions. Fig. 4 shows a 
block diagram of the platform subsystem. 


INCREMENTAL 

GROUND 

COMMAND 



fig. 4. Scanning platform subsystem 


The following are the first iteration constraints placed 
on the scan platform. 

(1) Structure weight, lb 


Visual survey 

200 

Microwave and radar 

90 

Infrared spectrometer 

75 

Infrared radiometer 

5 

Ultraviolet spectrometer 

15 

Ultraviolet radiometer 

4 

Total 

389 

Platform with instruments 

480 


(2) The moment of inertia of the loaded platform is 
265 Ib-ft-sec.- 


VOL. IV 


(3) The platform must have a capability' of pointing to 
the planet vertical within 1 deg. 

(4) The platform must ha\e a capability of pointing to 
an arbitrary inertial direction within 1 deg. 

(5) The subsystem must see a planet 4 deg to 160 deg 
continuous!) . 

T. Horizon Sensor 

Studies of the sensor area have shown that the use of 
the infrared horizon in determining the local \ertical is 
superior to other methods. Sensor systems utilizing the 
infrared horizon have been built and flown successfully. 

The Barnes Engineering Company, under contract 
from JPL, i* now developing a lunar and planetary ho 
rizon scanner. The details of this device are discussed 
elsewhere in SPS 37 33. The salient features of this 
horizon scanner are us follows: (1) The scanner has no 
moving parts. (2) Space and horizon scanning is accom- 
plished by sequential electronic sampling thermopile 
detectors arranged in linear quadrature array. The scan- 
ning geometry is shown in Fig. 5. 

The output of the scanner is not yet rigidly defined. 
The thermopile detectors w iil be sampled simultaneously 
from the points A and B toward each other. For the local 
vertical, which is not coincident with the vertical as de- 


LOCAL VERTICAL 



Fig. 5. Horizon scanning goomotry 
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fined by the perpendicular to the plane defined by lines 
AB and CD , the sampling channel operating from either 
A or B will be the first to yield an output correspondent 
to a horizon crossing, the other channel will yield a 
horizon-crossing indication some time later. This time 
interval between the two readings is proportional to the 
deviation of the platform pointing angle from the planets 
local vertical The error ma> be presented in either digi- 
tal or analog form. The scanning period is lot yet final- 
ized, but for the purposes of this study it is assumed to 
be 100 msec. 


2 . Controller and Motor 

Two alternate methods of mechanizing the controller- 
motor blocks shown in Fig. 4 are being studied. One pos- 
sible method is to use a stepper motor actuated by a 
gated clock (Ref. 1); another method being imestigated 
is using a two-phase induction motor. 

Figs. 6 and 7 are the block diagram configurations of 
the two possible schemes. The proposed mechanization 
of the horizon scanner is such that the prror which is the 
difference between the reference angle and the actual 


'.a) 

REFERENCE 

ANGLE 




Fig. 6. Platform controlled by stepper motor octuated by a gated clock 


REFERENCE 

angle 




Fig. 7. Platform controllod by two-phate Induction motor 
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angle, is sampled each T s — 100 msec and held with a 
zero-order hold. 

The model for the dynamics is shown in Fig. 8. In 
Ref. 1 ?t has been shown that the response of the actuator 
and the horizon scanner structure can be approximated 
by a second-order transfei function. 

0 H 1 


2 

to to 

where the undamped natural frequency o* and the damp- 
ing factor £ are functions of the spring constants K Aj K B , 
of the actuator and support structure, C is the coulomb 
friction, and ] H the inertia of the platform assembly. 



Fig. 8. Horizon scanner dynamics 
modal 
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VI. Guidance and Control Research 
N65-32424 


A. Semiconductor Research 

! . Preparation of nirn Structures for the St'jdy of 
Space-Charge-Limited Current in Silicon 

5. Denda* and M-A. Nicobt* 

a . Introduction . This report provides information on 
the preparation of n^n structures as required in studies of 
space-charge-limited current (sclc) of electrons in silicon 
To provide a good basis of comparison with the theory, 
the transistorlike structures should satisfy the following 
requirements: (1) A single-crystal base of known crystal- 
lographic orientation, high perfection, and low but homo- 
geneous residual doping; (2; a planar geometry; and (3) 
abrupt junctions. The first requirement is m#t by selection 
of an appropriate single crystal. Crystallographicaily 
oriented wafers can then be obtained from it by standard 
techniques to satisfy the second requirement. Although 
abrupt junctions are obtained most readily by alloying 
methods, the present approach uses a diffusion method 
instead because of the ease wi*h which this method 
applies to silicon. 

*At the California Institute of Tcihnc4o*> performing wori sup- 
ported by the Jet Propulsion Laboratory 


b. General con$iderationM on dtffwtion. Diffusion tech- 
niques are classified according to the phase of the sources 
of impurity as follows: (1) Diffusion from vapor phase 
into solid, usually called "solid state diffusion." (2) 
Diffusion from liquid phase into solid, called alloy 
diffusion. (3) Diffusion from solid phase into solid phase; 
e.g., grown diffusion. 

As a device technology, diffusion from vapor phase has 
several advantages. It produces a flat, homogeneous and 
stable junction over the entire surface of the specimen. 
If desired, masking by a thermally produced o v ide layer 
and subsequent photoengraving can be used to shape the 
size and form of a junction. Among the various doping 
agents compatible with this technique, phosphorus has 
the advaniage that (1) solid state d.ffusion with this ele- 
ment offers no particular difficulties, (2) phosphor s has 
a high solid liability in silicon which yields a hi^ im- 
purity concentration at the surface and thus fact! -ft's 
the approximation of an abrupt junction and pro! denis 
of ohmic contacting, (3) phosphorus, or P..O-, has a high 
vapor pressure at temperatures as low as 250 C C. For 
these reasons, solid state diffusion of phosphorus was 
adopted in this work. 
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Generally, solid state diffusion in silicon depends 
critically upon the following processes, most of which 
still await their detailed technological solution by devel- 
opment and production laboratories: 

(1) Lapping and polishing of the silicon surface, with 
special concern for flatness, roughness and scratches; 
electropolishing appears as a promising tool. 

(2) Chemical etching of the surface to remove the 
damaged layer produced by the mechanical treat- 
ment; this treatment suffers from the fact that it 
simultaneously deteriorates the flatness. 

(3) The presence of localized impurities, such as dust 
particles on the surface during diffusion, can lead 
to a localized inversion channel through the junc- 
tion; this phenomenon, called a “pipe” in Ref. 1, 
is difficult to avoid but must be absent from inte- 
grated circuitry. 

(4) Photoresist technique; an increase in resolution is 
desirable. 

(5) Oxide layers and the complicated electronic con- 
dition which exists at the Si-Si0 2 interface; these 
problems are associated with those of impurity 
segregation and redistribution. 



Fig. 1. Impurity distribution in tho bulk duo to diffusion 
from a source of constant concontration H, at 
tho surfaco, x = 0 

This solution is sketched in Fig. 1. If the crystal is orig- 
inally doped with another impurity of concentration N it 
of the opposite type, a pn junction will be formed at the 
point %j at which N ( x , . t) — N 0 . Typically, N 0 < < N, 
and in this case the junction depth is approximately 
given (Ref. 3) by the simple relationship 

~ 2 (ir. ^ (Dt)« = k (»)». (3) 


Solid state diffusion produces impurity profiles which are 
graded unless diffusion times are sufficiently short. Since 
in the present application steep junctions are to be ap- 
proximated, the diffusion times should be kept to a mini- 
mum. Because of this limitation, the depth of the junction 
is restricted to a few microns below the surface, which 
increases the requirement for mechanical perfection of 
the surface. 

c. Theory of diffusion. For planar geometry, the 
diffusion of atoms in a solid is described (Ref. 2) by the 
following differential equation: 


where N is the concentration of impurity atoms in the 
crystal, D is the diffusion constant of the impurity under 
consideration, and x is the distance measured from the 
surface of the solid into the bulk. The equation can be 
solved with proper boundary conditions: When diffusion 
begins at X = 0 with a concentration N, of impurities kept 
constant at the surface at all times, when the bulk is free 
of impurities prior to t = 0, and when the bulk extends 
over large distances x > 0, the solution is 

( 2 ) 


If the total amount of impurity atoms Q diffusing into the 
solid (and initially deposited on the surface) is kept con- 
stant rather than the concentration at the surface, 
other conditions remaining equal, the solution is 

N(x,t) = ^-exp(-xV4Dt). (4) 

This solution is sketched in Fig. 2. In this case the junc- 
tion is located at 

< 5 » 

which again leads approximately to a dependence 

x, = K(Dt)* (6) 

for values of ^(incm ") >> «Y lt (in cm :i ). 

2 . Experimental Procedure 

i. Sample preparation. The requirements on the me- 
chanical and chemical treatments preceding the diffusion 
depend on the intended application of tho device. The 
following steps are considered typical and adequate for 
the study of sclc in silicon: 
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0 


X 

Fig. 2. Impurity distribution in the bulk due to diffusion 
of a fixed total amount Q of impurity atoms 
initially present at the surface, x = 0 

The single crystal is sliced on the diamond saw. Subse- 
quent selective chemical etching revealed that the wafers 
are oriented in the (111) plane within ±2 deg. In the case 
of silicon, however, the crystallographic orientation hardly 
affects the result of diffusion. The thickness of the wafer 
is limited to values larger than approximately 0.3 mm by 
mechanical inaccuracies of the saw. The wafers are then 
processed on both sides according to the following se- 
quence of steps. 

(1) Grinding on 280A-grit emery paper to eliminate 
coarse grooves and the unevenness of the surface 
caused by the saw. 

(2) Lapping on a flat glass plate with 800-mesh car- 
borundum abrasive and water. 


(3) Fine lapping on microcloth with 3200-mesh lap- 
ping compound on either a rotating or a stationary 
plate. 

(4) Final polishing on microcloth or Nylon cloth with 
l-/i diamond paste or l-/i aluminum oxide until a 
mirror-like surface is obtained. 

For these operations, thin wafers are mounted with 
Apiezon wax on a sample holder. The measure of finishing 
is expressed in terms of “flatness” and “roughness.” Steps 
1 and 2 develop flatness, while steps 3 and 4 reduce the 
roughness. For the application envisaged here, smooth- 
ness is more important than flatness. 

The operations just described leave a mechanically 
damaged surface layer whose thickness is about 5 to 10 
times the size of the grit used. This layer is removed 
chemically with an etch comprising 5 ppv cone. HNO-* 
and 1 ppv cone. HF (called 5-1 etch). The etching rate 
of the solution depends strongly on the room temperature, 
the freshness of the reagent, and its total volume. A typ- 
ical value for silicon is 30 n/min. It was found that about 
40 sec of etching in 30 cc of fresh reagent used at room 
temperature for one wafer and agitated vigorously yields 
adequately smooth surfaces. After etching, the wafers are 
rinsed in succession in water and in deionized water of a 
resistivity of better than 2 MQcm. 

b. Experimental setup for diffusion . Fig. 3 shows a 
sketch of the diffusion furnace and the gas system. After 
final assembly, the whole system is carefully baked out 
with gas flowing through it and with boats in place at 


QUARTZ TUBE 



Fig. 3. Sketch of tho experimental setup for solid state diffusion of phosphorus into silicon 
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LOCATION, cm 

Tig. 4. Tomporatur* distribution along the central axis of the diffusion furnace at steady state 
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1400°C, tor the main furnace, and at 400°C for the im- 
purity furnace, for a total period of 8 hr. 

The working length (range of temperature variation 
— ±52) of the main furnace at about 1000°C, as deter- 
mined by measuring the temperature distribution along 
the axis of the furnace at steady-state conditions, was 
found to be at least 10 cm (see Fig. 4). The temperature 
regulator and the temperature recorder are calibrated 
with reference to, but including, room temperature. 

c. Diffusion procedure. (1) The main furnace is pre- 
heated to 1100°C, and the impurity furnace to 250°C; 
both are held at these temperatures for at least 20 min 
to assure stationary conditions. (2) Gas flow is adjusted 
to 1 ft */ hr for N 2 and 0.1 ft 3 / hr for O*. (3) A quartz boat 
loaded with P 2 O s is inserted into the center of the im- 
purity furnace. (4) The Si wafers are inserted 5 min later 
on a quartz boat into the main furnace and positioned at 
the center. Diffusion time is measured beginning with 
the insertion of the wafer. (5) After the desired diffusion 
time has elapsed, the power to both furnaces is turned 
off; they are allowed to cool at their natural rate. (6) The 
wafers are extracted from the main furnace once its tem- 
perature has fallen below 700°C; they reach room 
temperature in open air. The surface of the wafers gen- 
erally shows interference colors due to the thin oxide layer 
formed during diffusion. 

d. Physical data on phosphorus diffusion into silicon. 
The diffusion constant D of P in Si is shown in Fig. 5, 
which represents (Ref. 4) 



0 60 0.63 0.70 073 0 80 0.85 


1000 /T* K 

Fig. 5. Diffusion constant D of phosphorus 
in silicon, Rof. 4 

D - 10.5 exp ( - 42.7 • 10* °K/T) cm 2 sec 1 (7) 

where T is the diffusion temperature in °K. The solu- 
bility of P in Si is given in Fig. 6 and Ref. 5. The vapor 
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IQ 22 tO 21 I0 20 I0 19 


IMPURITY CONCENTRATION ,cm ' 3 

Fig. 6. Solid solubility of phosphorus in silicon. Ref. 5 


pressure of P 2 Or (metastable form) is as follows: 


Temperature, °C 

Vapor pressure, mm Hg 

189 

1 

236 

10 

270 

40 

294 

100 

336 

400 

358 

760 


SiO z formation on Si surface is depicted in Fig. 7. Mask- 
ing effect of SiO* for P diffusion is shown in Fig. 8 and 
Ref. 6. 


3. Evaluation 

a. MetaUograpkic observation of the diffused layer „ 
The diffused layer can be observed easily by angle lap- 
ping and staining. The sample is waxed to a slightly 
inclined bottom of a lapping jig and carefully lapped on 
a glass plate with 1-/* diamond paste. The resulting sur- 
face forms a suitably sharp edge with the diffusion 



OXIDATION TIME, hr ‘ /2 


Fig. 7. Formation of Si0 2 on a silicon surface at 1200°C 
by a flow of 0 2 1l/m;n bubbled through 
water of 60 °C 



0 01 02 03 04 03 


Si 0 2 THICKNESS 

Fig. 8. Tho effect of a Si0 2 mask on the diffusion 
of phoaphoruc into silicon, Ref. 6 


surface. The lapped sample is then stained for 15 to 30 
sec in a staining etch comprising 30 cc of cone. HF and 
i or 2 drops of cone. HNO } . Better results «-n be ex- 
pected if the wafer surface is illuminated v* h white 
light during staining. A photograph of a typical result 
is shown in Fig. 9. The depth of the junction can be 
determined with the knowledge of the lapping angle and 
the photograpliic amplification factor. In the case shown, 
the angle is 6°37', as determined on an interference micro- 
scope. 
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lapped layer 
FACE 
I 


Fig. 9. Display of the junction by anglt lapping an j 
staining; sample diffused for 40 km at • 100°C; 
junction depth 3.4 /i 


the measured values, the sheet resistivity p„ is obtained 
in ohms as follows: 


P* 4.53 ( V inntr probtt) /{% outer probti ) 


The conversion factor 4.53 does not depend upon the 
dimension of the four-point probe (Ref. 7). Fig. 11 repro- 
duces a ch-jt calculated by Backenstoss (Ref. 8} for an 
erfc impunu profile. With this chart, the concentration 
N, at the surf ice can be found once p § and Xj are known. 
The value of N, obtained in this manner has an estimated 
error of approximately ± 30% due to the cumulated un- 
certainties in p, and x } . Table 1 summarizes the results 
obtained on the samples of Fig. 10. 


Fig. 10 shows the dependence of the junction depth 
measured in this fashion as a function of the square root 
of the diffusion time obtained in different diffusion opera- 
tions with wafers of the same bulk material (^r 20012- cm 
p-type). The results agree well with the theory; see 
Eq. (3). 

b. Determination of the impurity concentration at the 
mrface. The impurity concentration at the surface can 
be obtained from measurements of the sheet conductance 
of the diffused layer if the junction depth and the profile 
of the impurity distribution are known. The surface con- 
ductance can be measured with a f rur-point probe. From 



DIFFUSION TIME, mm 1 / 2 


Fig. 10. Expofimtntal daptmltnct of the junction 
depth on tha diffusion Hint at a constant 
diffusion toenporaturs of 1100"C 


Table 1. Diffusion sample test results 



No. 1 

No. 2 

No. 3 


20 

4G 

120 

*1 W 

2.4 

3.4 

6.1 

N, (cm’*) 

5 • 10" 

2 • 10* 

2 • 10" 



10 10° 10' 10* K> 5 I0 4 


\/Ps Vfl'' cm"' 

Fig. 1 1 . Evaluation of the surface conc e n t rati o n M, 
from values of Hie junction depth xj and Hie 
sheet resistivity p 4 for on erfc impurity 
prefile, Ref. • 
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c. V4 characteristics . A dot of Apiezon wax about l 
or 2 mm in diameter is applied on one side of a wafer. 
The sample is then immersed into a 5-1 etch to remove the 
diffused layer on the remainder oi the surface. A mesa 
junction is formed beneath the area protected by the dot 
of wax. The sample is then thoroughly rinsed in deionized 
water and the wax removed. The back side of the sample 
is abraded with emery paper. Silver is painted on a metal 
plate serving as electrode. Electrical contact *o the mesa 
is made with a metal point fixed on a micromanipulator. 
Fig. 12 shows a typical V-f characteristic. The re\crse 
resistance exceeds 10 Mfl, and the breakdown voltage 
is above 200 V. At small forward biases, a short range of 
negative reri^tance is sometimes observed, which is caused 
by a poor quality of *he backside contact. 

d. Junction capacitance. The voltage dependence of the 
junction capacitance with backward bias gives informa- 
tion of the impurity distribution. An abrupt junction ex- 
hibits a dependence of 

C = a(V + V,)-'* (8) 


C l -(V 4 V*), where Vj =- 0.5 ± 0.1 v. Using this value, 
the measured curve of Fig. 13 can be corrected to test. 
There results a straight line, confirming that Eq. (8) 
is applicable in this case. This indicates that the junctions 
obtained in the diffusion process are essentially abrupt, 
as expected from the short time of diffusion. Measure- 
ments with various mesa areas confirmed that capaci- 
tances other than that of the junction are negligible 


The coefficient a of the above equation has the value 


a - A 


(*?• 


N a N d y» 
iVa I Ns) 


( 10 ) 


where q ~ 1.6*10 ly Cb, e is the dielectric constant ( ? 2 
for Si), <?„ = 8.85* 10 14 F/cm, N d is the donor concentra- 
tion in the n-side of the junction, N a is the acceptor 
concentration in the p-side of the junction, and A is the 
junction area. This expression can be used to estimate the 
acceptor concentration N u of the wafer if N d is much 
larger than N a and if Eq. (8) is indeed applicable at large 
reverse biases; in this case 


and a linearly graded junction has a dependence of 


C = b(V + V d )-* (9) 


N„ = 


2 VC 
qtr» 


( 11 ) 


where V is the value of the applied reverse bias. For dif- 
fused junctions, the dependence often falls in a range 
between these two limiting cases. An experimental 
result is shown in Fig. 13. At large reverse biases, 
C - sz V. Fig. 14 shows that at low reverse biases 



. 


Applied to the results of Fig. 13, this equation yields 
N a = 4.8* 10 ,3 cm \ which corresponds to a resistivity 
of about 270 n-cm. By manufacturer’s specification, the 
crystal used for the wafer has a resistivity of 200 O-cm. 
This value of the doping concentration can be verified in 
two additional ways. Measurements of the bulk resistivity 
at room temperature on a bar-shaped sample, from which 
the diffused surface layers have been kpped off, yield 
the number of mobile majority charge carriers. From the 
punch-through voltage of n-n structures, the number of 
ionized acceptors can be deduced. A comparison of the 
results of these different methods is given in Table 2. 


i 




The calculation of V* using concentrations of 10 ,9 cm * 
for the n-side and 4.8 • 10" cm ’ for the 7r-side (300 O-cm 
resistivity at room temperature) and an intrinsic carrier 


Table 2. Comparison of (Hi rosistivity valuos doducod 
from throo difforont moasuromonts 


Fig. 12. Typical V-l charactoristic of a function; 
horizontal scalo 20 v/div; vortical seal* 

500 jiamp/div; (unction ar*a 
approx 1 .0 mar 



By mpacftwK*. 
*,.<!!> 

>1 ^«l4vihr lt 

•v 


(CM *) 

t*ti*9ivity, U-cm 

4.1 ' ;(T 

270 

4.6 ‘ 10‘ 5 

— 

4.6 ’ 10** 
300 


03 
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14- D*p*n4*itc* if th« junction 
capacitance C on o low 
rovofto Wo* 


density of 1.5“ 10'° cm 1 at room temperature results in a 
value of 0.70 v for the junction. It is believed that the 
discrepancy between this value and that obtained from 
Fig. 14 is due to experimental errors and possibly some 
uncertainties in the doping profile, 

4. Contacts 

When electrical contacts are made to the diffused layer 
with gold wire or gold-plated metal plates applied with 
moderate pressure, the contact resistance is found to be 
:n the range of a few ohms. At high current densities, this 
resistance introduces significant and unreproducible er- 
rors in the V-/ characteristic. Mechanically stmr.g and 
electrically non-rectifying contacts ( ohmic contacts”) to 
the diffusion layer are therefore required. Evaporated 
aluminum contacts are known tc give non-rectifying con- 
tacts to n-type silicon of less than approximately 10 
O-cm. Gold offers similar properties, with the added ad- 
vantage of an oxide-free metal sui . but its large 
diffusion constant prohibits extended dermal treatments 
after its application. 
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The wafer is placed on a Ta heating strip in a vacuum 
system. At a pressure of approximately 10~ 6 mm Hg, a 
gold film of 0.1 to 0.3 /a thickness is evaporated on the 
wafer, which is kept at a temperature of about 250° C 
during this process. The temperature is then raised to 
roughly 350°C and held there for 5 min. To test the 
electrical quality of this contact, small circular contacts 
are deposited with a mask. Very little resistance is meas- 
ured between them. The linearity is excellent. To ascer- 
tain that the gold does not penetrate through the junction, 
the n-type diffused lav is etched away between the con- 
tacts. A V-/ character stic between two contacts equal to 
that of a reverse-bias* d junction for both polarities indi- 
cates an unperturbed junction under the gold layer. 
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B. Cryogenics Research 

J. T. Hording 

I • Analysis of Torques Exerted on o Spherical 
Superconductor Duo to Trapped Flux in an 
Axially Symmetric /Aagnetic Field 

a. Introduction. This report describes part of a pro- 
gram to analyze the magnetic forces and torques acting 
on a superconducting sphere which forms the rotor of a 
cryogenic gyro. An earlier report ( SPS 37-24 , Vol. IV, 
p. 35) calculated the torques exerted by an axially sym- 
metric magnetic field on a slightly deformed spherical 
superconductor. 

b. Procedure. Here, as in the previous report, the torque 
on the superconducting sphere is calculated by integrat- 
ing the Maxwell stress tensor over the surface of the body 

ff BB - 4B* I 

T ^JJ rx — 7: — * 

For a sphere r is also the surface normal so that 

t *£//'' “•* im 

Because of the spherical boundary, it is appropriate to 
express both the applied and the trapped fields as expan- 
sions in sets of Spherical Harmonic functions. The final 


expression for torque is in the form of products of expan- 
sion coefficients of the applied and the trapped fields. 
Each term may be interpreted as an intei action between 
a mode of trapped flux configuration and a corresponding 
asymmetry in the magnetic field. Since these expressions 
get increasingly complicated as the order of asymmetry 
grows, this type of analysis is only useful if the applied 
field is of a low order of symmetry. Simple examples are 
illustrated later in Sect. g. 

c. Spherical harmonic$ . As in the earlier report, the 
complete set of Spherical Harmonics (see Fig. 15 for 
coordinate system), 

X (I - |m|)!/ 2 (/-jm|)!p 
x ( 2 ) 

where 

^rw4 (1 ' 



W*. 1 Coordinates for analysis of 
ntttf notic terauo 
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i* chos<-n for representing the factors in the integral for 
torque because of the following useful properties (Ref. 9, 
p. 158). 


at r - R, which implies 


a, 


l + 1 




(7) 


(rX V) 2 Y7= - 1 ( 1 + DY; 
(rXV)J7 = imY 7 


(3) The trapped field can be thought of as tlial part of 
the total field which does not satisfy the boundary con- 
dition; i.e,, 




if l “ p and m = q 
otherwise 


(4) 


where the asterisk * denotes a complex conjugate, and 
boldface type denotes a vector quantity. 


(r X V) + -4(r X V), -f i (r X 7),] Y» = (5) 

where G 7 ^ [{l ~ m) (l + m + 1)]^ 

(rX 7).*[(rX 7),- t(rX V),]Y7= «*W7Y7 1 (6) 


where H? === [\f X m) (! - m -f 


d. Expressions for B. There are three contributions to 
the magnetic field B, each of which can be expressed as 
the gradient of a scalar potential in the region outside the 
surface of the sphere. 


-Br = - Btot'u + Ba + B f = Sc,.r * 'Y7( Mi *). 

tm 


(Only inverse powers of / are permissible inasmuch as 
this field has its sources within the ba!l and will vanish 
at r — x.) Howevo, an important assumption is that B r 
is rigidly attached to the sphere aud rotates y/irh it v 'uic 
the applied and induced fields are fixed relative to the 
external current sources that produce the applied field. 
This assumption is in accordance with observations of 
superconductors containing trapped flux. 


The direction / =■ 1 represents the field symmetry axis. 
To calculate the torque, all contributions to B taU i must be 
expressed in the same coordinate system. This is easily 
done with the aid of the “Addition Theorem for Lc ?ndre 
Polynomials” (Ref. 9, p. 161). Let the symmetry axis of 
the magnetic field, / ~ 1, intersect the ^ = 1 axis (fLed 
in the rotor) at the origin, and let the coordinates of the 
/ axis, referred to the fi, <f> system be given by ^ =■- cos a 
and ~ fi. Then 




M/) - r; (/) = 



(1) The ajrplied field f which is assumed to have axial 
symmetry, can be represented quite generally by 

-Ba = VSbiWM/) 


(2) The induced field , which combines with B 4 to sat- 
isfy the boundary conditions, B ~ 0 at the surface of 
a superconductor, can be represented by 

-Bi ~ V %a t r J '*</) 


X Z YT («*«.*> YfU*) 

m l 

Accordingly 

b. B, - v 2 1 *> 

• srr(c «.,/j)Yr(m 4 ) 

m 

vs b, m (r)YTM 

where 


The boundary condition become* 

4 «,r * MM/) =0 

,,f i 


"Im (r) s** (bif 1 *■ a,r 


'> )'•” (cota. fi) 


(W 
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e. Evaluation of the torque. The expressions for torcpe 
in Eq. (1) can be written 

T = ~ JJ r X (B, + B, + B r );B, + B, 4 B r ) -dS 

■ iff ' r x (Ba + B< + Br)(Bx r B,) * dS 

+ r / (B ,4 -f B/) B r * dS * r X B r B r • dS . 

The first term is zero because of the superconducting 
boundary condition B (applied induced) • dS - 0 The 
third term is zero because the trapped flux cannot exert 
a net torque on itself. (Note: This choice of grouping of 
terms greatly shortens the calculation as compared to 
other possible groupings.) The remaining integrand is 
evaluated by use of the following relations: 

-Br'JS = * 3 Vr r 2 d } id<p 

=-2“(l + Dr l c m lm Yrd^ 

l m 

(since B r is real). 

r / (B, B,) = 2 b„(r) r X VI' ; , 

«.{T x 7). - (rX 7) 
r X 7 -- k(r X 7).- -r » n 


*(r X V). - (r x 7). 


r 


2 » 


The operator and integral relations, Eqs. (3) -{6). make 
evaluation of the integrals almost trivial 

T - ~ JJ r x (B 4 + B,)B T -JS 

• - — 2 (P 4 DR 'b'„ (H) [ £iqc„ + »' ^ 

A 

^ (C'J 1 - H l p r P U ^ C P '*• 1 »)j ‘ 

From Eqs. (7) and (8), 

b' m (R) •-“7M’Vj(<»s..fl 

Finally, the expression for torque is 

T ..yj(cosa + H*c, . ,) 

H-i w L 

A ^ 


/. Ducumon. Each term in the expression for torque is 
a product of three factors: the expansion coefh'i'Mt of 
the axially symmetric applied field, b p ; the expansion 
coefficient of the trapped field, ty, or - 7 . and an angu- 
larly dependent function t[\ . Of particular significance 
is the fact that the contribution to torque due to a trapped 
flux component cy, is null if the corresponding applied 
field component h p is zero 

g, r ^xamptr' of uniform trapped flux . If a metal be- 
cor ,es superconducting in the presence of a uniform field, 
bu; due to absence of a Meissner effect, it fails to exclude 
flux in the process, a uniform field is "trapped" within 
the superconductor and it persists after the applied field 
is removed. In the case of a sphere, the field produced 
outside, which satisfies the continuity of the normal com- 
ponent of B on the surface, is given by 


B7r > R) ~ — B t (cos 0^ - M:sin 0 0) 




i.e.. — {?r 3) l -R Br, inasmuch as 


The only non-zero terms : n torque are 


«;y ;: 4 |(-c-,*y ; * + «>*>)] c„, 


T 

and since 
and 


-(c) 


3 \ *. ... 

sinat* ,,p 


G,‘ = (2)*-» = H\ 

2r _ A A 

T - — b^D, sin a (sin pi — cos Pi) 

The magnetic dipole moment of the trapped flux is 
w ,.3Br4 

S ~ 2 ^ 3 R 

while b, - B,„ the magnitude of 4 be uniform applied 

field. Hence, 

T AfB«sma(cos0jT*- sin pi\ 
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Tabl* 1. Definitions of symbols 

MKS units used throughout 

B = magnetic field (weher/m 2 ) 

= applied field 
B/ = induced field 
B t = trapped field 
flo — 4?r 1G~ 7 

r — radius vector from center of sphere 
dS = element of surface area 
T — torque on sphere 
R = radius of sphere 

P% (/a) = unnormalized associated Legendre function 
YjJ (n, <j>) — normalized Spherical Harmonic function 

a p = expansion coefficient in scalar potential rep- 
resenting the induced field 

b p = expansion coefficient in scalar potential rep- 
resenting the applied field 

Cpq = expansion coefficient in scalar potential rep- 
resenting the field due to trapped flux 

8, <f> = spherical coordinates referenced to rotor 
**- = co s 8 

8\ <j>' — spherical coordinates referenced to sources 
of applied field 

fk ~ cos 8' 

M ~ magnetic dipole moment of the trapped flux 

/? = angles relating rotor coordinates and field 
coordinates 

G7 [(l — m) (l + m + 1)]^ 

+ (f — m + l )]- 4 
ji = <-l)W« 

k — unit vector in ft = 1 direction 
i = unit vector in /; = 0, <j> = 0 direction 
j — unit vector in — 0, </> = tt/ 2 direction 
i, m, p, q = summation indices 


(This is merely a uniform field plus a uniform-gradient 
field.) If the rotation occurs about the fi = 1 axis of the 
rotor, the time average torque will involve only that por- 
tion of the trapped field wliich has symmetry about ji = 1, 
i.e., only the c p c terms. In this case, then, only the uniform 
and uniform-gradient components, Ci« and c 20 , contribute 
to net torque. This comment is significant because in the 
present configuration of the cryogenic gyro, the applied 
field meets this specification. Hence as far as analyzing 
drift due to trapped flux is concerned, only two param- 
eters relative to trapped flux need be considered. Similar 
considerations based on ’he previous analysis of torque 
due to non-sphericity show that only four parameters 
defining the rotor surface are sufficient for analyzing drift. 
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C. Therirlionics Research 


K. Shimada 


1. Self -Excited Oscillations in Cylindrical 
Cesium Diodes 

This report contains the results of investigations of 
low-frequency oscillations occurring in JPL-built, cylin- 
drical, cesium diodes. Preliminary results for a commercial 
diode we/e reported in SPS 37-30, Vol. IV, p. 53. 

a. Introduction . Natural oscillations in the kilocycle 
range have been observed in thermionic energy con- 
verters and other cesium diodes. They occur spontane- 
ously as oscillation? in the current and in the voltage of 
a diode. Among the various operating parameters of a 
diode, the emitter temperature, the cesium pressure, and 
the interelectrode gap are the principal parameters which 
influence the amplitude and the frequency of the oscilla- 
tions, and which determine the conditions for the oscil- 
lations to exist at all. The results indicate that the 
oscillations consist ox c changes in the space-charge distri- 
bution when the conditions for neutral emission are nearly 
satisfied. 


which is the familiar result for the interaction between a 
magnetic dipole and a uniform magnetic field. Note care- 
fully the definitions of a and /5 in determining the vector 
sense of T. 

b. Example of uniform field plus uniform-gradient field . 
Consider the case of a rotor rotating rapidly in the field 
B*, where: 

Bx = - V [fcxfPx (#0 + b 2 r 2 P 2 (lOl, (bn = 0, n > 2) 


b. Measurements , Several glass diodes having pyrex 
windows were built in the laboratory. One of such diodes 
is shown in Fig. 18. The electrodes were cylindrical in 
structure. The emitter was a tungsten wire having a 20-mil 
diameter and a 2.5-in. length. The collector, which was 
concentric with the emitter, was constructed in two dif- 
ferent dimensions in order to observe the effect of dimen- 
sional changes on the oscillations. Except for one diode, 
the diodes had collectors with an inside diameter of 
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Fig. 16. Experimental diode, W-Ni 


approximately 0 : 5 in. and an axial length of 2 in. One 
diode had a smaller collector with an inside diameter of 
approximately 0.25 in. and an axial length of 0.654 in. 
The collector is centrally located along the length of the 
emitter. In this diode there was an additional collector 
of the same dimension located immediately above the 
central collector in order to facilitate the study of the 
temperature distribution along the emitter. This diode 
will be referred to as the small diode in later discussions. 
The small diode had a tungsten emitter and a tantalum 
collector. The other diodes had combinations of tungsten 
for the emitter and tantalum or nickel for the collector; 
they will be designated as the W-Ta diode and the W-Ni 
diode. The emitter was directly heated by a half-wave 
rectified 60 eye current. The volt-ampere curves were 
taken by an oscilloscope during the off-cycle of the heat- 
ing current, True temperatures of the emitter were ob- 
tained from the brightness temperatures which were 
measured at the center of the emitter through the pyrex 
window by a micro-optical pyrometer. There were tem- 
perature variations as large as 300°K along the effective 
part of the emitter of each of the two large diodes. How- 
ever, the variations were as small as 20°K along the 
effective part of the emitter in the small diode. 

Vacuum data were taken before cesium was introduced 
so as to identify the condition of the diodes, especially the 


emission properties of the emitier surface. A Richardson 
plot based upon the current density determined from the 
effective emitter area agreed favorably with the theoreti- 
cal line for tungsten. After cesium was introduced, the 
diode was placed in an oven and the cesium reservoir 
temperature, T r „, was determined from the equilibrium 
oven temperature. The cesium pressure is a direct func- 
tion of the cesium reservoir temperature The diode circuit 
was completed through a variable-voltage dc power sup- 
ply and a decade resistance box. The oscillations were 
observed with an oscilloscope and a spectrum analyzer 
which were connected across the decade box. A sche- 
matic diagram of the circuit which was used is shown 
in Fig. 17. 


OVEN 



AND MODULATOR 

#AVE ANALYZER 

Fig. 17. Schematic diagram of measuring circuct 

c. Results . The oscillations were examined with respect 
to: (1) the conditions for oscillation to occur, (2) the 
amplitude of oscillation, and (3) the frequency of oscil- 
lation. Although oscillations might have occurred when 
the diode was operated in a glow discharge mode or in 
an arc mode, as they are known to occur in various dis- 
charge devices (Refs. 10-12), the type of oscillation exam- 
ined here was limited to the plateau part of the volt- 
ampere curve in its pre-breakdown regime. Typical 
oscilloscope records are shown in Fig. 18. The first column 
is for the case of a low emitter temperature, and the sec- 
ond column is for the case of a high emitter temperature. 
The cesium reservoir temperature was the same for both. 
In both cases the resistance in series with the diode was 
5 ohms. The amplitude of the current oscillation increased 
as the circuit resistance was decreased, whereas the 
amplitude of the voltage oscillation across the diode 
decreased as the resistance was decreased. It was ob- 
served that the maxima of the oscillation in current 
became larger as the resistance was decreased, but the 
minima remained nearly unchanged. Also, there was a 
threshold value of resistance below which no recognizable 
change in oscillation occurred. Circuit resistance did not 
affect the frequency spectrum as long as the diode was 
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operated at the same operating point on the volt-ampere 
curve. The frequency spectrum shown was obtained at a 
voii ige across the diode of 1 v. The frequency of the 
major mode of oscillation was approximately 5 kc for 
Te = 1425°K and approximately 7.5 kc at T K = 1572°K. 

Note that the waveform showed amplitude modulation 
at the higher emitter temperature. This was due to simul- 
taneous oscillations at two closely spaced frequencies as 
indicated in the spectrum. The modulation effect was 
rarely observed at lower emitter temperatures, but was 
almost always observed at higher emitter temperatures 
in the diodes with large collectors. 

Further experiments weie performed in order to clarify 
the modulation effect using the small diode which had 
two collectors. One collector was located along the center 
section of the emitter and the other collector was located 
along the end section of the emitter. Consequently the 
center collector was subjected to a higher emitter tem- 
perature and the end collector was subjected to a lower 
emitter temperature. First, the frequency spectrum of 
the oscillation was obtained for each collector current 
when the diode was operated at a cesium temperature 
of 182°C and a collector temperature of 1345°C at the 
center of the emitter. For the center collector, the dom- 
inant frequency component was 30 kc, whereas it was 
42 kc for the end collector. The waveform of each indi- 
vidual current, for each collector connected separately, 
did not show the modulation. When both collectors were 
connected together, the resultant current showed the 
amplitude-modulated waveform. Also, the frequency 
spectrum indicated two frequency components, one of 
which was at 42 kc and the other at 34 kc. Apparently 
the oscillation in the center collector of 30 kc was pulled 
to a higher frequency of 34 kc due to the stronger oscil- 
lation at 42 kc of the end collector. 

d. Conditions for oscillations . The conditions required 
for oscillations to occur were determined by recording 
the current through the diode when the voltage across the 
diode was 1 v. Since the volt-ampere curve showed a 
plateau region for voltages larger than approximately 
- 0.5 v, the value of current at 1 v was considered to be 
the “constant” plateau value for that particular tempera- 
ture combination. In fact the value of current thus deter- 
mined agreed with the calculated temperature-saturated 
val\ j if the temperature combination was such that ion 
rich emission was occurring at the emitter surface. Such 
current densities were plotted as a function of the inverse 
emitter temperature for different cesium reservoir tem- 
peratures. The Langmuir S-curve type of behavior was 



expected. The heavily-lined part of the curves in Fig. 19 
shows the average dc current through the diode when 
oscillations were observed. Note that the average dc 
current fell short of theoretical values for temperature 
combinations such that T K /T i 9 was smaller than 3.2. 

The ratio of 3.2 corresponded to an effective work func- 
tion of approximately 2.8 v; this value of work function 
was also the value required for neutral emission. Neutral 
emission is defined as the condition under which the 
number of electrons emitted is related to the number of 
ions emitted in such a way that the following equation is 
satisfied in the diode: 

it/} i = (mi/m.)* 

where / is the current density, m is the mass, subscripts 
e and t represent electron and ion, respectively. This con- 
dition results in a neutral space-charge at the emitter 
surface. Similar results together with the theoretical lines 
are s\own in Fig. 20. 

The oscillations did not occur at either too large or 
too small a cesium reservoir temperature even though the 
conditions for neutral emission were satisfied. Such limits 
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as 0.4 0A 0.6 0.7 0.8 0.9 1.0 

1000/ T gt *K 

Fig. 20. Amplitude of oscillation, small diodo dashed 
lines are theoretical S-curves based on a bare 
work function of 4.65 v 

were 480°K for a maximum and 370°K for a minimum 
in the W-Ta diode, as shown in Fig. 17. The upper limit 
corresponded to a cesium pressure of 9.6 X 10 - torr 
where the electron-neutral mean-free-path was approxi- 
mately 0.1 mm. Since the interelectrode distance was 
approximately 6 mm for this diode, many collisions were 
expected at this pressure. This fact was also substantiated 
by an onset of volume ionization which occurred when 
the limit was exceeded. The lower limit of 7V* 370°K 

corresponded to a current density of the order of 
10* 4 amp/cm*. Such a current density is not large enough 
to form an optimum space-charge for the oscillation to 
occur. This effect is also seen at 7V, — 400° K in Fig. 20. 
For the sake of comparison, the interelectrode gap which 
caused the onset of space-charge effects was examined 
for a planar diode. It was 0.6 mm when the diode was 
operated at T g — 1300°K with a current density of 
10' 4 amp/ cm*. In view of the cylindrical geometry of the 
test diode, which had a large potential gradient near the 



• .>uter, the onset of space-charge could occur at an actual 
. .relectrode distance of 6 mm instead of 0.6 mm as 

peeted f a planar diode. Summarizing the results, for 
collations to occ’> it is necessary to have: (1) a space- 
charge in vbl. ' 1 ! ...ions are negligible, and (2) the 

spare-charge must be xueh ih,:L near-neutral emission 
occurs at the emitter surface. 

e. Amplitude of oscillation . As v. as expected, the ampli- 
tude in current oscillations increased as the circuit 
resistance decreased, while the amplitude in voltage oscil- 
lations decreased. However, there was a limiting value of 
resistance, of the order of an ohm, below which no further 
change in the amplitude of the oscillation occurred. At 
such a circuit resistance and with a voltage across the 
diode of 1 v, the maxima and the minima of the oscillating 
current were recorded. The results are plotted in Fig. 20 
and in Fig. 21. For example, at 1000/7* = 0.73 and 
= 446°K in Fig. 20, the maximum current density 
was 2.3 X 10 * amp/ cm* and the minimum current den- 
sity was 9.5 X 10 * amp/ cm*. Note that the amplitude of 
the current oscillation of 1.35 X 10 z amp/ cm* was of the 
same order of magnitude as the average dc current 
density. Also note that the maxima followed the theoreti- 
cal curve for temperature-limited electron emission. It 
seemed, therefore, that the current conduction was 
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switching between the temperature-saturated mode and 
the space-charge- limited mode whenever the oscillation 
occurred. This type of phenomenon can be visualized as 
an oscillation in a space-charge minimum in front of the 
emitter in the motive diagram for the diode. For example, 
at 1000/Tg = 0.73 and 7Y« = 446°K i 1 " Fig. 20, the change 
in the depth of the space-charge i itiimum, which re- 
sulted in the observed current oscillation, was 102 milli- 
volts. Indeed this amplitude was of the same order of 
magnitude as the equivalent electron temperature in 
volts. V„ determined from eV, = k73 at 1000/73; — 0.73. 
It is apparent thut the depth of the minimum must be of 
this order of magnitude, in order for the diode to operate 
in a space-charge-Lmited mode. 

/. Frequency of oscillation, The temperature depend- 
ence of the frequency of oscillation was examined using 
a frequency spectrum analyzer. The results are presented 
in Fig. 22. It shows the relationship between the period 
of the major mode of oscillation and 1000/73; for various 
cesium reservoir temperatures. At higher cesium reservoir 



\000/r £ 


Fig. 22. Fundomtntal period of oscillation 


temperatures, the period peaked at some particular emit- 
ter temperature, or the frequency was a minimum at that 
temperature. For example, at T< „ - 453 K, the period 
was the largest at 1000 T K —0.68. It 'urresponded to a 
frequency of 5 kc at an emitter tempeiature of 1470° K. 
Similar behavior was recognized in a thermionic eneigy 
converter of planar geometry, as was reported elsewhere 
(Ref. 13). It is interesting to note that the emitter tem- 
perature where the current along the S-curve became a 
maximum for that particular cesium reservoir tempera- 
ture agreed with the point where the period of oscillation 
was a maximum. Indeed this was the emitter temperature 
at which perfect neutralization of spat e-charge <x ' urred 
at the emitter surface The fact that the period depended 
strongly on the cesium reservoir temperature indicated 
that the period of oscillation was a function of more than 
only the ion transit time determined by the therm il 
velocity. Also, it was found that the frequency increased 
as the voltage across the diode increased. Such a behavior 
suggested that the frequency of oscillation was also in- 
fluenced by the electric field intensity. In other words, 
the dynamics of the ions must be determined from both 
thermal and electrostatic considerations. The period of 
oscillation was smaller in the small diode than in the large 
diode as expected. 

g, Conclusions . Oscillations in the plateau region of the 
volt-ampere curve were found to occur when the tem- 
perature combinations were such that nearly neutral 
emission occurred at the emitter surface. This result is in 
agreement with predictions made by Eichenbaum and 
others (Refs. 14, 15). The maxima of the current oscilla- 
tions were limited by the temperature saturated electron 
emission, and the minima wck limited by the space- 
churge-limited current conduction. The peak-to-peak 
amplitude of current oscillation was as large as the aver- 
age dc current through the diode. The amplitude of the 
oscillating space-charge minimum, which resulted in cur- 
rent oscillations in the external circuit, was of the order 
of the equivalent electron temperature in volts. The fre- 
quency of oscillation was also strongly governed by the 
space-charge conditions for neutral emission. The fre- 
quency decreased as the cesium pressure increased. T.ie 
frequency was smaller in a larger diode than in a smaller 
diode when they were operated at the same cesium pres- 
sure. These results suggested a functional dependence be- 
tween the period of oscillation and the pressure listance 
produ«*t. Further study is required in order to construct 
a consistent explanation, 
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A. Carbon and Graphite Research 

W V Ko tlensky and D. 6. Fischbach 

1 . Structural Changes Accompanying Creep 
Deformation of Pyrolytic Carbon 

As part of a continuing study of the legh-temperature 
deformation behavior and associated structural changes 
of pyrolytic carbon, data have been obtained on the 
structures developed during tensile creep to various 
elongations at several tt mperatures. The results show 
that the same structure is developed at the r amr strain, 
regardless of test temperature (at least above 2500 ; C). In 
addition, the structure in the basal i substrate) plane is 
highly anisotropic alter moderate amounts deformation. 

(Optical polarized light micrographs of metched speci- 
mens creep-tested to nominal 10? elongation at three tem- 
peratures are shown in Fig. 1. Three orthogonal views of 
the center of the gauge section are shown for each sample: 
basal edge \ arallel and perpendicular to the stress axis, 
and basal plane surface* Corresponding inicrostructures 
are indistinguishable at the three* temperatures. Tlie struc- 
tural parameters determined by X-rav diffraction (pre- 
ferred orientation, unit cel! dimensions) for the>e three 
samples were also the same within experimental error. 
This was an underlying assumption of the method used 
cat Her to analyze data on creep strum as a t unction of 


time and temperature (S PS 37-30, Yol. pp. 71-72). 
These results therefore support the validity of that 
method. 

Another striking feature of the micrographs m Fig. 1 
is the difference in basal edge configuration viewed paral- 
lel and perpendicular to the stress. With no deformation, 
these two views show the same structure. With deforma- 
tion, a marked anisotropy in structure h seen. The de- 
formed basal surface also shows deformation features 
parallel to the stress direction (vertical in the SgureV 
These micrographs were made from adjacent areas of 
the gaug'* section tor each, sample, and only the direct : on 
of view ing difft rs. 

The basal plane preferred orientation tt xture is also 
highly anisotropic. X-r;»y prefer: ed orientation measim- 
ments on rod-shaped samples ^ut parallel and perpendic- 
ular to the stress avis gave p values of 6.9 and I S deg. 
respectively, ft is a measure of the average inisorh 1 illa- 
tion of the basal planes relative to the substrate (SPS 
37-24 Yol. IV, p. 44). 

These structural changes result from dewrinkling of the 
basal planes. Both the* amount of dewnnkling and the 
anisotropy of the structure arc functions ot U mile strain, 
as shown in Fig 2 and Table 1 In Fig . f topi. sample de- 
formed 5?. the cone structure is evident in * 11 three views. 
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BASAL PLANE EDGE PARALLEL BASAL f .ANE EDGE PEM*ENDICULAR BASAL PLANE SURFACE 

TO STRESS TO STRESS 

Fig. 1. Micrastructures of pyrolytic graphite (Lot 170) after 10% croop deformation at three temperatures 
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2e00°C, 21% 
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BASAL PLANE SURFACE 


Fig. 2. Microstructuros of pyrolytic graphito (lot 1 70) aftor various amounts of croop dofoimation 
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Tob!« 1 . X-rey structural poramtttrs for pyrolytic 
graph it* (Lot 170) deformed by tensile creep 
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but preferential dewrinkling already is seen in the basal 
edge viewed parallel to the stress. Moreover, the basal sur- 
face shows some distortion of the growth cones in the 
stress direction. Table 1 shows that an anisotropic orienta- 
tion texture has developed. Fig. 2 (center), corresponding 
to 10% elongation, is the same set of micrographs shown in 
Fig 1. The rnicrostructural and preferred orientation 
(Table 1) anisotropy is most pronounced here. Fig. 2 (bot- 
tom), sample deformed 21%, shows the microstructure de- 
veloped in the second stage of deformation. Dewrinkling 
is nearly complete parallel to the stress and the anisotropy 
is no longer apparent in the microstructure (though there 
are differences in the distribution of delamination cracks 
parallel and perpendicular to the stress). However, as 
shown in Table 1, there is still a definite anisotropy in the 
orientation texture. 

The degree of graph itization also increases with de- 
formation, as shown by the decreasing value of the unit 
cell height, c 0 , in Table 1. Although this is due in part 
to different treatment times and temperatures, comparison 
of undeformed butt sections with deformed gauge section 
structures indicate a strong influence of deformation on 
graphitization. 

All of the results shown here are for a substrate nu- 
cleated pyrolytic carbon. Regeneratively nucleated pyro- 
lytic carbons exhibit similar but less pronounced struc- 
tural changes on tensile deformation. The wrinkled sheet 
structure is stabilized in such regeneratively nucleated 
carbons by soot particles distributed throughout the 
deposit. 

These results are consistent with magnetic susceptibil- 
ity anisotropy and X-ray observations reported earlier for 
similar samples (SPS 37-27, Vol. IV, p. 29), They show 
that the conically wrinkled sheet structure of the as- 
deposited carbon has been transformed by the high-tem- 
perature uniaxial creep deformation into a corrugated 
sheet structure, with the corrugations lying parallel to 
the stress axis. This is illustrated schematically in Fig. 3. 



AS DEPOSITED 



STRESS 


AFTER TENSILE DEFORMATION 


Fig. 3. Schematic r*pr*$*ntaflcn of tho structure of 
as-rocoivod and /ensile deformed (first stage) 
pyrolytic graphite; layer plane traces 
are shown 


Although appreciable dewrinkling occurs perpendicular 
to the stTess, the flattening out of the layers is much more 
pronounced parallel to the stress, as would be expected. 
This behavior is characteristic of the first stage (^15% 
elongation) of tensile deformation of pyrolytic carbons. 
Deformation occurs by dewrinkling and basal plane shear 
in this range (Ref. I). The mechanisms of deformation 
which operate in the second stage ( > 13% elongation) have 
not yet been definitely identified. 


2 . Electron Micrography and Fractography 
of Glassy Carbons 

Studies on the high-temperature mechanical proper- 
ties of two grades of Japanese glassy carbon (Ref, 2; 
SPS 37-27, Vol. IV, p. 32-33; and SPS 37-26, Vol. IV, 
p. 70) have shown that one (GC-20) exhibits appreciable 
ductility above 2200°C while the other (GC-30) fails at 
low elongations, even at high temperatures. The ultimate 
strengths of both grades are similar. The processing his- 
tory of these two grades differs only in that GC-20 is 
treated to a maximum temperature of 2000° C, whereas 
GC-30 is given an additional treatment at 3000°C. The 
property differences therefore must result from structural 
changes resulting from the additional heat treatment 
received by the GC-30. (Experiments on GC-20 confirmed 
the influence of heat treatment on the mechanical prop- 
erties.) On the other band, densities of the twe materials 
are the same. Differences in X-ray structure also are not 
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f RACTOREO AT l«00 o C, 0.5% EL0N6ATI0N FRACTURttr AT t*00*C, It. 4% ELONGATION 

Fig. 4. Electron micrographs of polished and fractured surfaces of GC-20 glassy carbon. Positive two-step 

replica shadowed, left to riqhr 
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fAACftweO AT 1800*0, O.T% EL0N8AYI0N FRACTUAEO AT E800»C, 5.8% EL0N8ATI0N 

Fig. 5. Electron nicrographt of polishr/d and fractured surface* of GC-30 glassy carbon. Positive two-step 

replica shadowed, left to right 
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pronounced— both have small crystallite sizes and turb- 
ostratie structures (SPS 37-32, Vol. IV). An appreciable 
difference in microhardness, however, suggests a differ- 
ence in microstructure, or perhaps internal stresses. 

An electron micrographic investigation has been ini- 
tiated to determine if microstructural differences can 
account for the difference in mechanical behavior. 
Shadowed positive carbon replicas' (two-step technique) 
of both polished and fractured surfaces v/ere examined. 
Electron micrographs 1 are shown in Fig. 4 for GC-20 and 
Fig. 5 for GC-30. The shadowing direction is from left 
to right in each case, and the magnification is near ^he 
maximum appropriate to the resolution obtainable with 
this type of replica (Ref. 3). 

The polished surfaces of as-received material show a 
random distribution of fine pits with an average diamcLr 
of about 350 A. If the most sharply defined pits are con- 
sidered to be pores, the observed pore volume is consiste nt 
with the observed bulk density. However, there is an in- 
completely resolved background structure suggestive of 
a much higher pore volume. Some of the apparent pore 
structure may be a polishing or replication artifact ( c or 
example, plucking out of small particles). Differences be- 
tween the GC-20 and GC-30 structures are surprisingly 
subtle. GC-30 shows more prominent polishing scratches 
than GC-20, consistent with its lower microhardness. 
Close examination of the GC-20 micrographs suggests a 
poorly defined “grain” structure in which pore-free regions 
about 3000 A in diameter are delineated by a discontinu- 
ous network of pores. This grain structure is less apparent 
in GC-30, but there appears to be a greater incidence of 
short chains of adjacent pores in this material. Tins ap- 
pearance, to some extent, might be an artifact resulting 
from polishing scratches. 

The appearance of die fracture surfaces, on the other 
hand, clearly differentiates between GC-20 and GC-30. 
There is a definite “graininess” in the CC-20 fractures 
which becomes increasingly well-defined as the tem- 
perature of fracture increases from room temperature to 
2900°C. \ tendency for the “grains” to be bounded by 
cracks (or grooves) is particularly pronounced in the 
2900° C fracture The appearance of the grains changes, 
too, from irregular pitted areas delineated by cracks at 
room temperature to relatively smooth flat-topped 
plateaus at 1600 C C and to convex humps at 2900 C. In 
GC-30, on the other hand, the impression of graininess is 
largely ahsent. Instead, there :s a high density of randomly 
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oriented chains of adjacent pits and mierocracks. The 
length and frequency of occurrence* of these features 
increases with increasing fracture temperature. 

These preliminary electron micrographic results show 
that the differences in high-temperature mechanical 
properties of GC-20 and GC-30 are associated with 
marked differences m fracture mode. However, structural 
features accounting for these differences are not yet 
clearly identifiable. Further studies on polished (and per- 
haps etched) surfaces, and on possible replication arti- 
f icts will be required before the connection between 
inierostr net ure and fracture mode can be understood. 

N65-32428 

B. Far Infrared Optical Properties 
of Some Spacecraft Paints 

W. M. Hall 

Much engineering data have been accumulated on the 
optical properties of spacecraft finishes in the solar wave- 
length region and in the infrared wavelength region 
which covers thermal radiation at room temperature. Any 
effort to determine solar ahsorptance or emittanee for a 
very cold surface meets with the fundamental difficulty 
of lack of data for very cold absorbers or radiators. The 
basic method of obtaining emitt.nce data is that of 
spectral measurements of reflectance in the infrared. In 
order to obtain such data, JPL recently has concluded a 
brief study contract with the UCLA thermal properties 
laboratory for measurements of far infrared spectral 
properties of several common spacecraft paints. 

These spacecraft paints and their clear vehicles have 
been examined for spectral reflectance and transmissivity 
over a broad spectral range from the near ultraviolet to 
60 /i in the infrared. Figs. 6— * v) identify the type of paint 
and display transmittance and reflectance curves for a 
number of thicknesses of the coating. The transmittance 
specimens were overlaid on polyethylene film of apt roxi- 
mutely thickness; the reflectance specimens were 

sprayed on aluminum. 

Because of program limitations, only the laminar X-500- 
elear vehicle (polyurethane) provided a usable set of both 
transmittance 1 and reflectance data (Figs. 6 and 7). For 

’Finch Paint and Chemical Co., Torrance, California. 
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Fig. 6. 


Transmissivity of laminar X-500 polyurothano 
doar film 


■ r r rniu i i t r -r r 

cat-a-lao flat black paint of 

VARYING THICKNESS COATED ON ALUMINUM 
1 25 fj. 

75 M 

250;i 

750 ft 



WAVELENGTH , /j. 

Fig. 9. Reflectance of Cat-a-lac flat black paint 
on aluminum 



Fig. 7. Reflectance of laminar X-500 polyurethane 
clear film 



Fig. 10. Reflectance of PV-100 silicone— alky d white 
paint on aluminum 



Fig. 8. Transmissivity of Cat-a-lac epoxy clear film 


tins material it can be seen that spectral bands generally 
agree and that the absorption coefficient is quite large at 
long wavelengths, compared to the visible and near in- 
frared region. It can be shown that the spectral structure 


seen beyond 10 (x is an interference pattern modulating 
the broad band of transmission. The aluminum-backed 
reflection sample shews this interference structure most 
distinctly, as might be expected. The effect of the poly- 
ethylene film on the spectral structure is negligible, 
except for possible interference effects ... can be seen 
by comparison of the reflectance curve where the spec- 
trally structureless aluminum backing is involved with the 
transmission curve which includes the polyethylene film. 

Figs. 8 and 9 display Cat-a-lac* clear vehicle (epoxv) 
and Cat-a-lac flat black, respectively. For paint thickness 
75 ft or greater, this paint is quite black to 60 ft. It would 
appear that the vehicle is becoming transparent beyond 
60 /a with the paint thereby losing its black quality w'hen 
used on a highly reflecting backiug, such as aluminum. 

'Magna Coatings and Chemical Corp., Los Angelin, California 
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PV-100 4 (Fig. 10) appears lx* a rather structureless 
grey in the far infrared, with thukne*. ./ <- -ling enter- 
ing only weakly as a parameter. 


4 Vita-Var Co., Newark New jersey. 


It should be emphasized that these materials were 
examined at room temperature and that, therefore, the 
spectral structure shown in the curves would alter in 
relative intensity' of the lines when extreme cooling of the 
samples occurs. 
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VIII. Electro-Mechanical Engineering 


N65" 3 2^9 

A. Printed Conductor Assembly 
Substitution for Mariner C 
Upper Ring Harness 

E. R. Bunker, Jr 

Based on the original work of substituting a printed 
conductor ring harness (PCRH/ tor the A farmer R 1 wire 
cable harness described tn SPS 37-24, Vol. IV p. 55, a 
more complex PC' asstmbk has been designed and fab- 
ricated in order to determine the feasibility of rep! icing 
the two uppei ring harnesses and trough assemiov in 
Mariner C - This unit now is undergoing tests on tlie proof 
test model fPTM). The present trough assembly is shown 
in Fig. 1, Figs. 2 and 3 are tin* art work for the two sides 
of the replacement board. W bile construction de tails are 
similar to those for Mariner H, additional features leave 
been included in the design 

1 Design Considerations 

Substitution of the PCRH assembly tor the upjx a r ring 
harness and trough assembly requires a minimum of mod- 
ification of tin PTN1 so that the Might configuration can 
he restoied m the shortest time possible. This was uccom- 


1 .Mariner Wine 
‘Manner M.trs 


plished by the fabrication of suitable jumper cables to 
provide the interconnections between the PCRH !x>ard 
connectors and the eight hay harness connectors which 
normally matt* to the hard-mounted receptacles on the 
trough. Origmallv. the PCRH board was designed to 



Fig. 1 . Top viow of upper ring hornott OttvmbJy, 
including trough 
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utilize the same moulding holes as tie trough, which was 
to be removed; however, it was anticipated that such a 
removal might become undesirable at a later time. Con- 
sequently, the design also ailov/ed the PCRH beard to Le 
laid cm top of the trough, as the jumper cables were 
made long enough to reach the bay harness connectors. 
The printed board was of two-sided rathe* chan multi- 
layer construction. 

Wiring changes and shielded wire substitution in noise- 
sensitive signal circuits during tests will be facilitated by 
a solder terminal for each conductor, located just inboard 
from the connectors. Additional shielding of the printed 
conductors may be possible by use of a conductive coat- 
ing on plastic tape. 

Reliability of the edge connectors ujed in the Mariner R 
PC board was doubtful, consequently a survey* and selec- 
tion of a more reliable cormectok appropriate to this 
application were made. 

Transpositions of power conductors from side to side 
were made to reduce inductive and capacitive coupling 
into low-level signal circuits. 



[a) ASSUMED MODEL FOR COMPUTATION 

OF NOISE SUSCEPTIB!L*TY UUM8ER, S# 



(h) EQUIVALENT SCHEMATIC 

Fig. 4. Geometrical model 


less than 250 mils 3 / amp. This kept conductor heating and 
voltage drrps v.ithin acceptable limits. 


Pairs of plated-through holes were employed through- 
out to improve reliability of the transpositions. 

Because of the relatively low currents in the power 
circuits, capacitive rather than inductive coupling be- 
tween power and signal circuits appears to be the major 
source of noise. A simple mathematical model was estab- 
lished to provide a quantitative measure of noise sus- 
ceptibility of each signal circuit. Fig. 4(a) shows the 
assumed model and Fig. 4(b) is the equivalent schematic. 

The equation for the noise susceptibility number S* is: 
S> = 0.54 juv noise/signal v 

v s 

where L is a length factor dependent on the number of 
intervening bays, R is the circuit impedance (resistance) 
and V s is the peak signal voltage for 1002 of full-scale 
voltage between the signal conductor and ground. Values 

S s range from 0 to 150 X 10Vv/v of signal. 

The copper conductor width was limited to 0,025 in. 
mir imum, which wa< required to iiiiow all of the runs to 
be made to various bays. This width and the thickness of 
0.00& in, corresponds in cross-sectional area to a No. 26 
wire k'auge which is adequate for signal circuits. Power 
circuits with appreciable current flowing had an increased 
conductor width so as to obtain a current density of not 


The maximum voltage present in the ring harness is 
50-v peak, so corona or arcing in the critical air pressure 
region will not be a problem. Frequencies range from 
0 (DC) to *33.4 kc with a 2400-cps square wave power 
frequency. Puke widths occur between 100 msec and 
5 /nsec at peak voltages of 6 v or greater. 

2 . Layout 

The fundamental problem in layout of the printed 
circuit ring harness was providing adequate isolation for 
sensitive low-level lines from adjacent noisy or high- 
voltage lines, such as the 2400-cps square wave circuits. 
This was accomplished in the present Mariner C upper 
ring harness by using two harnesses to separate the 2400- 
cps power sources from other circuits. In a similar man- 
ner, the printed conductor ring harness has the 2400-cps 
square wave power circuits at the center of the board 
with the low-level circuits near the outer edge: as can be 
seen in Figs. 2 and 3. This enables the power to be sup- 
plied to the different bay connectors by radial conductors 
running from the center, straight out to the appropriate 
connector. Signal circuits farther out thus cross the power 
circuits at right angles, minimizing capacitive and induc- 
tive coupling. To further reduce pickup, ground con- 
ductors were placed adjacent tc the 2400-cps power 
conductors, and power circuits were transposed, with 
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their respective returns, at regular intervals to the oppo- 
site sides of the board. 

The 400-cps three-phase sine wave power circuits were 
routed adjacent to the 2400-cps square wave circuits 
at the center of the printed conductor ring harness. 
The 400-cps circuits also have conductoi s routed radially 
to the connectors. The remaining circuits were located 
according to type of circuit (quiet *n noisy), and the noise 
susceptibility number, S x . Each signal circuit was evalu- 
ated using the noise susceptibility number equation, and 
the resulting S x number were used as a relative indica- 
tion of susceptibility to stray pickup and noise. 

The S y equation is based on the assumption that all 
signal circuits were assumed to have equal frequency 
responses to the induced 2400-cps noise source, i.e., no 
noise rejection capability inherent in the circuit design 
was included. Consequently, during layout, considerations 
of circuit functions and how they varied with respect to 
: time were investigated. For example, the temperature 
transducer circuits showed a rather high S y ; however, no 
problem was anticipated because of the 5-cps low-pajs 
filter employed, which is far from the 2400-cps funda- 
mental power frequency. Therefore, the transducer cir- 
cuits we r e grouped together without individual shielding. 

Based on the required specification tolerances, both 
the nominal line widths and spacings were 0.031 in. 
A plated through hole diameter of 0.031 in. was selected 
as a small, reliable, readily fabricated size. Smaller diam- 
eters can be used, but are difficult to fabricate and, 
therefore, tend to be less reliable. A larger size would use 
an excessive amount of space. Terminal pads were 0.125 
in. in diameter, and the holes in the connector pattern 
v ere 0.036 in. An exception was the 0.025- in. line width 
between the terminals and theeonnecto ;s, which was 
required because of the dose spacing in the connector 
circuit pattern. The routing of 0/d25-in.-wide circuitry in 
between connector pins permitted a spacing of 0.027 in. 
The solder terminals of the connector selected were bent 
at right angles to the body in a three-layer staggered 
configuration. This allowed inspection and soldering of 
the terminals to the PCRH board pads from both sides. 


2-oz double-sided copper printed circuit stock was ob- 
tained for comparison. This insulted in die standard con- 
ductor thickness of f,.8 mils and conductor widths of 
approximately 31 mils. Comparison test's are planned to 
determine if any significant operations] difference exists 
between S/N 3 and S/N I or 2. A top view of the first 
PCRH is shown in Fig. 5. The white-appearing conduc- 
tors are on the top side, while thp black conductors are 
on the reverse side of the translucent ins’ll ting board. 
Transpositions and circuit runs can be followed readily. 

4. Checkout of PCRH 

Using the jumper cables, the boards were checked out 
for continuity and voltage breakdown using the regular 
QA cab’e continuity ; and Megger test set. Updating-ind 
corrections were made and the boards retested. During 
the tests, one of the male pins on a connector broke. 
Replacement of the entire connector was net as difficult 
as originally anticipated. The right-angle bends ia the 
connector leads going to the solder pads on the PCRH 
were cut, facilitating unsoldering of each individual lead. 
Thus a ganged tool, usually necessary for unsoldering 
connectors on PCRH boards, was not required. 

Arcing between a solder terminal and an adjacent con- 
ductor at 500 v was encountered during the hi-pot tests 
at two places on the PCRH. This was not considered 
sufficient cause for rejection as the ma/imum voltage 
present is 52 v/and the subsequent application of the 
protective, conformal coat would tend to prevent such 
breakdowns. In future designs this separation would be 
increased. 

5 . Tests on PTM 

Using the conventional cable harness, mor* than 100 
photographs were taken of the waveforms existing in 
cricical circuits. The PCRH, together with the jumper 
cables, was installed on top of the cable trough (Fig. 6). 
Aft :r the normal Interface checkout to make sure that the 
connections were identical to the upper ring cable har- 
ness, photos of the waveform;; of the same circuits were 
taken, with the identical oscilloscope settings as before. 


3 . Fabrication 

Two boards, designated S/N 1 and 2, with the required 
8-mil thickness of conductors, were obtained from the 
vendor The conductor widths were 25 mils, the lower 
iixrdt of the tolerance. As mentioned previously, this re- 
sults in a current density of approximately 250 mils 2 / amp. 
A third board (S/N 3), fabricated out of conventional 


6 . Preliminary Results 

An initial comparison of the two -sets of photographs 
shows that in approximately 95$ of the circuits, the noise 
pick up is appreciably less with the PCRH as compared 
to the same circuit using the conventional cable harness. 
In the remaining 5$ of the circuits the induced noise, 
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Fig. 5. T ip view of fabricated PCRH 


mainly from the 2400-eps square wave power circuits, is 
somewhat greater than in the conventional cable harness, 
but still well below the specification limit. These tests 
show that from the electrical performance standpoint, the 
printed conduct tr ring harness in its present configuration 
is a flight-quality item. 


Further tests are planned to determine the sources of 
noise on the PCRH, including the contribution of the 
jumper cables, which is expected ‘.o be appreciable. Com- 
parison of the performances of S/N 1 and 3 will be 
made to determine the effect of different thicknesses of 
conductors. 
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Fig. 6. fnstallaticn of PCRH on PTM for tests 


Present plans call for a revision of the PCRB kx work, 
incorporating die desired changes, and for chaining a 
new board for final tests on the PTM in August. 


B. Nonmcsgnet$ feferd/fhect 
Material for Welded 
Modules 


R. M. Jorgensen 


Since the introduction of welded cord wood techniques 
for spacecraft packaging, the use of nickel as the inter- 
connect media has been a concern whenever magnetom- 
eter experiments are flown. Although some magnetic 
materials can be tolerated, nickel as it is used in welded 
cordwood is magnetically “soft,” i.e., is easily magnetized 


and demagnetized, a characteristic causing difficulty with 
calibration of spacecraft magnetic fields. Because of this, 
an effort was initiated to develop a nonmagnetic inter- 
connect material that will be interchangeable with nickel 
in terms of weld joint reliability, the design of welded 
cordwood modules (both past and future), and int'» 
changeable in terms of the skill and knowledge of assem- 
bly technicians so that the introduction of this material 
will not create new problems in fabrication. 


While many materials are nonmagnetic, very few 
approach nickel in terms of its utility as an interconnect 
material for welded cordwood. The unique characteristics 
of nickel that lend themselves to a welding interconnect 
are: 

(1) Thermal and electrical conductivitie s approximately 
midway between the extremes of part-lead mate- 
rials normally encountered: copj)er (high), and 
nickel-iron glass sealing alloys (low). 
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(2) Good ductility properties (i.e., a large elongation). 

(3 A large amount of known mevallurgy. 

(4) Alloying ability with many other materials. 

(5) Relative freedom from embrittlement due to heat- 
affected zones or trace elements. 

(6) Availability. 

(7) A relatively stable passive oxide coating. 

There are several classes of materials which may b° 
investigated to find a nonmagnetic material to replace 
nickel: 

(1) Unalloyed metals of similar electrical and thermal 
conductivities, specific hear, and melting point. 

(2) Readily available binary alloys having the appro- 
priate resistance welding properties. Ii is hoped 
that there will be found practical metallurgical 
knowledge due to wide usage. 

(3) Glad materials combining desirable surface prop- 
erties with necessary bulk or core properties. 

(4) Nickel alloy, d with elements that depress the Cerie 
poin* below that anticipated for spacecraft en- 
vironments. 

The latter two approaches involve considerably larger 
engineering efforts than the first two an<i will not be 
reported on here. 

An experimental approach to determining the feasibil- 
ity of materials is based upon choosing the same conduc- 
tor cross section that has been found to be optimum for 
nickel and comparing the results obtained to the welda- 
bility of nickel (Grade A). 

The optimum nickel conductor cross section is 0.010 X 
0.030 in. and this size is compatible with 0.017 to 0 040-in. 
diameter gold plated kovar, 0.010 to 0.030-in. diameter, 
dumet, 0.016 to 0.032-in. diameter nickel, O.Oie to 0.032- 
in. diameter oxygen-free copper mid 0.020 to 0.032 7 fn. 
diameter ETP copper wires when oss-wire welded. It 
shoul ’ be noted that nickel it' close to being an ideal 
material in regard to ductility and freedom from weld 
zone embrittlement. Therefore, equaling the weldability 
of nickel may not be easy. 

Regarding the first class of materials listed, a pure 
material or even a binary alloy would be preferred in 
place of more complex (ternary or quaternary) alloys 
because it would permit drawing upon a la/ger potential 


known metallurgy, at least in the theoretical sense. Prac- 
tical welding knowledge may or may not exist since this 
is usually a function of the type and rcope of application 
a particular material sees. 

Two unalloyed elements, platinum and palladium, sat- 
isfy some of the previously listed characteristics and could 
be nickel substitutes. Pertinent physical properties are 
listea in 7 able 1, compared to two grades of nicke* com- 
monly used. The weldability index which approximates 
a ratio of heat generation capability to heat necessary to 
reach melting temperature for a given material 'j also 
listed. 


Table 1 . Resistance welding properties of 
unalloyed nonmagnetic materials 


Material, % 

Thermal 

condue 
♦ivity Kt, 
cal /cm 
sec °C 

Specific 
resistiv- 
ity *, 
fdl cm 

P'.'Mt F, 

°F 

Specific 

heat, 

Btv/lb 

Weldability 
index _ 
It/P Kt, 
sec 

*C/°F cal 

Grade A nickel 
99,0 


11.0 

2625 

0.11 

25.2 X 10° 

Nicke' 270 
99.95 

0.22 

7.3 

2625 

0.109 

12.7 X 10 3 

Palladium 

99.9 

0.17 

10.8 

2830 

0.058 

i 

22 4 X 10'» 

l 

Platinum 

99.9 

0.17 

10.6 

3220 

0.031 | 

1 1«.6 X 10'* 

! 


Both platinum and palladium possess moderate ductility 
properties but do not have a large knowr practical metal- 
lurgy since they are seldom used as pure metals, but as 
alloys for a variety of reasons— one i ung cost. Cost for 
platinum (99.9%) Is approximately $125/02, and the cost 
of palladium (9v.9%) is about $35/oz. Nickel in ribbon 
form as used for cordwood modules runs approximately 
$5/lb or $0.40/oz. 

Both platinum and palladium have very stable surfaces 
and do not tarnish in sulfur-bearing industrial atmos- 
pheres, which implies that normally no surface prepara- 
tion would be necessary for resistance welding purposes. 

A practical problem arose in the procurement of the 
group of materials listed in Table 1. In the case of plat- 
inum, the cost proved to be about an order of magnitude 
greater than palladium when compared on the basis of 
cost per unit length of conductor. For this reason, pht- 
inum was dropped from consideration at this time, the 
results of the palladium testing serving as a guide as to 
the desirability of evaluating platinum. 
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Preliminary welding experiments have revealed that 
palladium ap^vars to satisfy the requirements of a nickel 
substitute when compared on the basis of process mar- 
gins and achievable j'onS efficiencies. An unanticipated 
difficulty has arisen in that the technology of etching 
palladium (for metallographic examination) i squires de- 
veloping, and temporarily welding studies with palladium 
have been suspended, pending improvements in etching 
technology. 

The second approach, examination of readily available 
alloys having the appropriate resistance welding proper- 
ties, also has several potential nickel substitutes. The most 
obvious selection would be copper alloys with some past 
satisfactory' welding experience. Typically, copper-tin 
alloys deoxidized with phosphorus (phosphor bronze) and 
mckel-copper alloys (several are readily available as 
closely controlled resistance wire) appear suitable. Prop- 
eif ; . 5 are given in Table 2. 

Procurement of materials in Table 2 also provided 
practical problems. The limiting chemical composition of 
yellow brass is not sufficient to insure freedom from 
potential embrittlement problems, and no. source was 
found !>at could furnish this material with a satisfactoiy 
control of trace elements. A similar situation exists in 
zegard to phosphor bronze B although some sources can 
furnish material with the desired control of trace elements. 


Table 2. Resistance welding properties of 
alloy nonmagnetic materials 



Thermal 
conduc- 
tivity, 
ail /cm 
sec *C 

Specific 
resistivity, 
p£l cm 

Melting 
point F, 
°F 

Specific 

heat. 

Stu/lb 

WddabiMfy 
index, 
ftSX sec 
°C/*F cal 

Grade A nickel 
“9.0% Ni 

0.15 

11 

2625 

0.11 

25.2 X 50 * 

Yellow bran 
35% Zn, bal- 
ance Cu 

0.27 

6.39 

1710 

0.09 

13.9 X 10-* 

Allay 60 
6% Ni. bal- 
ance Cu 

0.22 

10 

2012 

0.09 

23.0 X 10 ’ 

Phosphor 
htonze h 
92% Cu. 
8% Sn 

0.15 

133 

1880 

0.09 

48.2 X JO* 3 

I 

Alloy 90 
114% Ni, 
bolance Cu 

0.'.3 

j 

15 

j i 

2030 

0.09 

51.0 X 10'“ 

Alloy 180 
23% Ni. bal- 
ance Cu 

0.09 

1 -1*> ' 

[ 

1 J 

| 2090 

L 

0.09 

169 X 10"' 



Fig. 7. Transistor lead (0.017-in. diameter goid plated 
kovar) welded to 0,010 X 0.030-in. 

Grade A nickel 



Fig. 0. Transistor lead (0.017-in. diameter gold ptatod 
kovar) welded to 0.010 X 0.030-in. 

Alloy 90 
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Preliminary experiments with the niekt '-copper alloys 
have revealed that Alloy 60 ( 6 % Ni, balance Cu) does not 
provide a satisfactory welding process when welded to 
O.OlTdn. diameter gold plated kovar, although for other 
materials and sizes tested, the results may be acceptable. 
Alioy 90 (11.5% Ni, balance Cu) has given the best results 
so 'ar, satisfying both the 0.017-in. diameter gola plated 
kovar and the 0.032- in. diameter tinned copper which are 
the extremes of conductor welding difficulties. Work is 
ir» progress to determine the weldability of Ahoy 90 and 
Alloy 180 (23% Ni, balance Cu) to other materials and 
wire sizes. 



Fig. 9. Tinned ETP copper {0.025-in. diameter) welded 
to 0.010 X 0.030-in. tirade A nickel 


Fig. 7 is a photomicrograph of 0.017-in. diameter gold 
pla ed kovar welded to 0.010 X 0.030 Grade A nickel, 
big. 8 ° photomicrograph of 0.017-in. diameter gold 

plated kovar vtlded to 0.010 X 0.030 Alloy 90. The degree 
of grain growth in the round lead is very similar in both 
welds, indicating comp.tr '/-le welding conditions. Fig. 9 
is a photomicrograph of 0.u2o u Hi? meter tinned ETP 
copper welded to 0.010 X 0.030 firtd-*- v nickel. Fig. 10 
is the same lead weldM to 0.0 10 X 3*J30 90. The 

heat-affected zone in f hese two welds is srnilar ahh-v gh 
the degree of penetration of the ribbon is ,es* 'r the 
Alloy 90 v eld, which is desirable. 



Fig. 10. Tinned ETP copper (0.025-in. diameter) welded 
to 0.010 X 0.030-in. Alloy 93 
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IX. Lunar Spacecraft Development 

JI65-32*’ 1 


A. High Impact Technology 

J. L Adams 

This report summarizes accomplishments in the JPL 
high impact program during the past two months. 

1 . Ruggedized Gas Chromatograph 

Component tests have continued during this period. In 
order to examine the behavior of several transistor types 
under impact, four each of Texas Instrument 2N930, 
2N2605, 2N3350, 2N2432, 2N3329, Fairchild 2N3117 and 
Solid State Products 2N2843 transistors were mounted in 
a block of aluminum. The transistors were rigidly mounted 
and oriented so that during impact one of each type would 
be impacted with the leads trailing, one with the leads 
leading, and two axially in normal directions. The block 
was first impacted at 4400 g from 105 C t/sec wich no fail- 
ures. An impact at 6300 g from 110 ft/ sec failed one of 
the TI 2N3329 transistors which was mounted axially 


to the impact An impact at 7400 g from 185 ft/sec failed 
one of the TI 2N930 and one of the TI 2N3350 transistors 
which w'ere mounted axially to the impact. An impact at 
9100 g from 175 ft/sec failed one Fairchild 2N3117 tran- 
sistor mounted axially to the impact. A final impact at 
10,000 g from 175 ft/sec caused no failures. 

All failures occurred at the bond between the lead 
wires and the semiconductor chip. All failed transistors 
were replaced with ones of the s?.me type before the next 
test was conducted. For the last two tests the block was 
rotated from its orientation tor the first three tests in 
order to test the v cti *OuS individual transistors in various 
planes. During the last three tests, three TI 2N36G9 
transistors were included. No failures oi this partic- 
ular device occurred Additional tests exposed Good all 
617-G-l, l-/if, 10%. 50-v Mylar capacitors to 10,000 g from 
200 ft/sec. No failures occurred. 

Fig. 1 is an exploded view of a spring-operated sample 
valve developed for the gas chromatograph. This device 



Fig. 1. High impact sample valve 
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is a three-position rotary gas valve used to interconnect 
the sample source, the carrier g-ts, the vacuum line 
from the jet pump, the sample loop, and the analysis line 
in various combinations. The valve iz powered by a 
“spirator” spring which stores sufficient energy for 45 
cycles (15 complete gas analyses). The unit weighs Vz lb 
and can be triggered by a small solenoid. It has success- 
fully withstood impacts of 5000 g from velocities in excess 
of 100 ft/sec and should survive 10,000 g from 200 ft/sec 
with no major problems. 

2. Ruggedized S-Band Transmitter 

Dummy crystal units produced under contract with 
Valpey-Fisher Co. were impact-tested m order to investi- 
gate sealing techniques. The crystal cases consisted of 
two ceramic discs joined by solder which was applied 
to treated chamfers on the edges of the discs. Some of 
the solder surfaces were treated with a vapor-deposiicd 
chrome-silver coating and some of them we;e treated 
with a fired moly- manganese coating. All units survived 
10,000 g from 200 ft/sec, both axially and radially with 
no detectable seal degradation. 


3. Batteries 

Table 1 summarizes various tests performed on battery 
cells during the reporting period. In all cases the cells 
were completely supported in a rigid (typically %-in. wall 
aluminum) fixture. The impact directions referred to are 
shown in Fig. 2. The arrows represent the direction of 
the accelerations (opposite to the direction of preimpact 
velocity). The plates are parallel to the BA plane. In 
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Table 1. Summary of battery cell tests 


Battery 



Impact 

direction 

g level 

AV, ft/sec 

Comments 

Eagle-Picher model 

Uncharged 

Silastic 

C 

4,800 

145 

Slight visible plate damage. No 

25-65 lilver zinc 

Uncharged 

Silastic 

0 

4,800 

145 

shorting Plates buckled. 

Eagle-Picker 

Charged 

Silastic 

C 

j,900 

130 


model 25 65 

Charged 

Si la tic 

C 

4,600 

152 



Charged 

Silastic 

C 

5750 

148 

Na detectable degradation. 


Charged 

Silastic 

C 

8,220 

149 



Charged 

Silastic 

1 

3,700 

135 



Charged 

Silastic 

8 

5700 

150 

Case split, one plate buckled. Dis- 







charge cycle rhowed almost full 
capacity. 

Eagle-Pieher 

Charged 

Epon 815 

8 

7,000 

148 

No detectable degradation. 

model 25-65 

Charged 

Epon 815 

a 

8,800 

143 

Case cracked and separated from 







potting, plates crusheo. internal 
short. 

Yardney YS 20 

Charged 

Silastic 

c 

7,400 

166 

No detectable degradation. 

silver cad cell 

Charged 

Silastic 

a 

7,200 

167 

No detectable degradation. 


Charged 

Silastic 

a 

10,800 

169 

Caso .racked. Electrically O.K. 

Yardney YS 20 


1 





silver cad cell 

Charged 

Silastic 

a 

7,600 

>74 

Case cracked, Electrically O.K. 

Whittaker P.S.D. 

Charged 

Epon 815 

a 

8,400 

161 

Case cracked. Electrically O.K. 

201171 sealed 
'tjlvv * 1 cad cell'- 
(2 potud in fixture) 




! 



MA-C ESB cell 

Charged 

Epon 815 

D 

5,400 

158 

Case cracked; internal shorting. 

Whittaker P.S.D. 

Gorged 

Epon 815 

a 

10,800 

174 

No detectable degradation. 

CD*J sealed 
silver cad cells 
(2 potted in fixture) 

Oargtd 

Epon 815 

J 

D 

i 

10,000 

170 

No detectable degradation. 


*6 
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general, the direction A is most severe and D, B s md C 
follow in order of decreasing severity. 

4. Mechanisms 

A series of five tests was performed as part of an 
investigation of the behavior of gears under impact. In 
each test, two 96-tooth, %-in.-wide gears were meshed, 
one rigidly fixed to the testing fixture and the other 
eccentrically weighted so as to produce approximately 
0.65 in.-oz of torque in a 1 g field. The direction of impact 
was such that the torque value would be approximately 
equal to the g-loading times the 0.65 in.-oz value. 

In the first test, both gears were stainless steel and the 
impact level was 5800 g from 170 ft/sec. Fellows Red 
Line tests showed no detectable damage to the rotating 
gear and a maximum too -h-to- tooth error of 0.0006 in, 
in the fixed gear. Test 2 duplicated Test 1 and resulted 
in no detectable damage to the rotating gear and a maxi- 
mum tooth-to-tooth error of 0.0005 in. in the fixed gear. 
Test 3 was run with a fixed 2024 aluminum gear and a 
rotating 2024 aluminum gear. At an impact of 5900 g 
from 165 ft/sec, the fixed gear showed a maximum tooth- 
to-tooth error of 0.0022 in. "ud the rotating gear a maxi- 
mum torch error of 0.0022 in. In Test 4, a rotating stain- 
less steel gear was meshed with a fixed aluminum gear 
and impacted at 6000 g from 170 ft/sec. Red Line results 
shoved no detectable damage to the stainless steel gear, 
and 0.002 maximum tooth-to-tooth error in the alum? nr m 
gear. Test 5 meshed a rotating aluminum gear wTh j. 
fixed stainless steel gear. No damage could he detected 
to the steel gear and a maximum tooth-to-tooth error of 
0.003 appeared in the rotating aluminum gear. The impact 
level was 6,000 g from 170 ft/sec. These test results are 
slightly inconsistent, both with theory and among them- 
selves. Further analysis is being performed. 
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Fig. 3 shows a prototype spring mount for a rotating 
element bearing. This mount is a six-degree-of -freedom 
spring which is stiff enough (approximately 25,000 lb /in. 
axially and radially} to maintain alignment, yet soft 
enough to deflect during an impact so that bearing loads 
will not become high enough to damage the bearing. / 
4-oz rotating mass with a 0.002 clearance in its housing 
was supported between two lightweight ball bearings 
(Microtech Mc814SSR 25L10) in these spring mounts. 
The unit survived impacts of 10,000 g from 200 ft/sec 
with no detectable damage. The major loads, of course, 
were taken out by bottoming elsewhere in the assembly 
(a*, in this case, between the rotor and the housing). 

5. Miscellaneous 

A program ic unde* way to investigate the effects of 
high impact upon cord vood electronic packaging. Blocks 
of Stycast 1090 potting compound, the size and shape of 
cordwood modules, have been tested both unweighted 
and weighted under various impacts with various mount- 
ings. In general, the potting itself apparently can with- 
stand impacts on the order of 10,000 g and support the 
required component masses, providing that the modules 
are supported rigidly on at least one side. A representative 
welded cordwood module (the Mariner Mars 1964 gyro 
switch control) has survived impacts of 10,000 g from 
200 ft/sec in three principal directions with no apparent 
degradation when mounted in a rigid fixture. 

6. Test Equipment 

Fig. 4 shows the 22-in. bore compressed air gun in its 
present state. Work is proceeding on mounting, debug- 
ging, and pressure- testing the fvn. 



Fig. 3. Piototypc bearing spring mount 


Fig* 4* 22-in. boro comprossod air gun 
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X. Applied Mechanics 


N 65-32432 


A. Heating-Cooling Time for 
a Planetary Lander 
Survival Payload 

J. Hultberg 

\ survival sphere for a planetary lander is protected by 
an energy absorber which may make the sterilization time 
very long. The method described here is most suitable 
for calculation of the transient heat-up nnd cool-down 
time associated with a survival payload with a low ther- 
mal resistance, in comparison to the thermal resistance 
of the surrounding energy absorber. Fig. 1 shows the 
nomenclature for the survival sphere. 


Th ( ? heat transferred from the outer surface of the 
energy absorber to the survival payload is 

dq = K(t,-t)de (1) 

where 

q -- rate of heat flow 
K = conductance 

t, = temperature of the surface of the sphere 
t = temperature of the survival payload 


ENERGY ABSORBER 
SURVIVAL PACKAGE 



0 = rime 


Since temperature gradients in the survival payload are 
small in comparison to the temperature gradients in the 
surrounding material, the change in temperature caused 
by heat transfer to the survival payload is given by 


Fig. 1. Cross section of a hard-impact survival sphere 


dq ~ Cdt 


(« 
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where C is the heat capacity of the survival payload 



where 

c p = specific heat 
fi = density 
V = volume 

Eqs. (1) and (2) may be combined and integrated to give 

Kc^)"-©* (4) 

where t i is the initial temperature of the survival payload. 

For various values of (K/C) the results are shown in 
Fig. 2. The analysis is not valid for short times v r hen the 
temperature gradients in the survival payload must be 
considered. 

The conductance may be evaluated by considering the 
heat conduction equation for a sphere 

i/ = _u l =r_fc4,rf2 ^ (5) 



?ig, 2. Tim«->#mptratur& hfitory of a survival sphoro 
for various valuo* of K/C 


This may be integrated betweer the outer radius and 
the inner radius to give 

(3) q = A nk t -f^f or, (6) 

U r s Ti r, 

Thus, when the properties and geometry yxe given, the 
time-temperature history may be calculated. 

A numerical example is given for illustration. It is 
desired to find the time-temperature history for the heat- 
ing of a lander survival payload from an ambient 
temperature at 15 to 130° C with an outside surface tem- 
perature at 135°C. Balsa wood 15-in. thick with a thermal 
conductivity of 0.0225 Btu/hr ft°F, density of 7 lb m /ft 3 , 
and specific heat o. 0.327 Btu/lb m °F covers the survival 
package. The survival pa} load has a diameter of 15 in., 
an average density of 50 lbm/ft 3 and an average specific 
heat of 0.25 Btu/lb m °F. 

The geometry and properties above give a value for 
K/C equal to 0.206 if the heat capacity of the insulation 
is neglected and a value of 0.0036 if the entire heat capac- 
ity of the energy absorber is comb^cd with the heat 
capacity of the survival payload. The time -temperature 
heating curve is shown in Fig. 3 for both cases. As an 
t \ampte, th*- time required to reach 125°C is 100 hr in 
the former case and 700 hr in the latter case For the case 
combining the heat capacity’ of the survival payload and 
the energy absorber, the heating curves are shown for 
three different surface remp era tun s. Higher surface tem- 
peratures greatly decrease heating times; the time to 
reach 125°C in the latter case induced from ,i)0 to 
370 hr when the surface te-np* is raised from 

135 to 165°C. From Fig. 3 the rote above a certain 
temperature may be estimated. 1 

For cool down, the tine-te- nr ure curves are calcu- 
lated in the same manner by Eq. (4). Thus, the 

cool-down time of the surviv .? ,»j /load from 130 to 15°C 
with a surface tempera^;,:* c- U)°C is the ,ame as the 
heating time from 15 i:'C 0 with a surface tempera- 
tc?j- at 135°C. The elf or conducting leads tunning 
into the surviv \ payJoj.'i should be noted. A large con- 
ducting path to the survival payload would have t)ie 
effect of reducing the sterilization time considerably. In 
the above example, the time to reach a temperature would 
be reduced by 20% if a ^-in.-diameter copper wire were 
placed through the energy absorber. 


’It should be noted that a formula presenting an exact solution for 
the geometry considered here is presented in “Conduction of Heat 
end Solids/* Second Edition, p. 331, by H. S. Carslaw and 
J. C. Jaeger, Clarendon Press, Oxford, England, 1959. 


9R 








RADIATIVE HEAT TRANSFER q r * (JT* 8)/ 2, w/cm 3 
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The solid lines are computed JPL values as a function 
of free-stream density, v ith the free-tiight velocity from 
18 to 30 X 10* ft/sec a*, a parameter. The set of dashed 
lines represents the corresponding Ames calculations for a 
slightly different T ~ixture (25$ COj-75$ N->) and a CN 
radical contribution, determined by a higher energy of 
dissociation = 8.2 ev) which results in higher CN 
concentration. 

Also, slightly lower CN^u^t oscillator strength 
(/ex, iolo t ~ 0^20) was used by Ames as compared to the 
JPL inputs. Generally, the Ames total radiance levels 
agree with JPL calculations in the region of 22000 ft/sec 
flight velocity, while being lower at higher velocities and 
vice versa. The different values of the energy of dissocia- 
tion used in the two sets of calculation would contribute 
to these trends. This will be substantiated by further JPL 
calculations where only D^ Qy is varied. 


The experimental data shown on Fig. 4 comes from 
shock-'wbe and free-flight tests, as indicated. In the lower 
left of the figure are two representative entry trajectories 
m lw form of point sequences of atmospheric pressure 
and velocity for entry angles of 30 and 90 deg. It is 
apparent that most of the experimental data so far ob- 
tained are for much higher densities than these tentative 
entry conditions would require. Thus it seems desirable 
to determine gas radiation intensities at much lower free- 
stream pressure than presently, with the objective of 
validating the theoretical predictions in a region more 
comparable to prototype flight conditions. 


The total radiative heat transfer of a plane parallel 
layer of gas, neglecting self-absorption and stimulated 
emission, is approximated by the quantity 


J * 8 

where -5 represents the thickness of the shock layer and 
a r ii commonly accepted as the total equilibrium radiative 
energy to the stagnation region of a blunt body. This 
quantity is shown in Fig. 5 for a mixture of 30$ C0 2 and 
70$ No, calculated with *he same set of radiation input 
data as in Fig. 4. It is apparent that the density depend- 
ence of </, changes relative! y little over the range of 


densities which covers the shock tule experimental con- 
ditions down to actual free-flight deosuy levels. 

The lines marked l H represent blackbody radiation in- 
tensity on the radiation emitted by an optically opaque 
gas, again with the free-Hight velocity as the parameter. 
This intensity is the upper limit for radiative energy 
transfer to the body surface and the difference between 
q r and 1 H is a measure or the optical “thinness” of the 
shock layer for the assumed nuae radius, l cm. 

The density dependence of equilibrium radiance I and 
the radiative heat transfer q r as obtained from the average 
slope of the lines in Figs. 4 and 5 over a wide density 
range is plotted in Fig. 6. It can be seen that in the Mars 
entry velocity range the power n varies significantly with 
flight velocity. Converting from radiance to radiative heat 
transfer tends to raise n slightly. The reason for the dif- 
ference between the JPL and Lines calculations has not 
been specifically identified at this time, but will be exam- 
ined soon. 

In summary, it appears necessary to compute equilib- 
rium radiation at much lower density than where 
experimental data exist- The simple procedure of nor- 
malizing to free-stream density appears to introduce oine 
problems. Although at a fixed velocity, density depend- 
ence of radiation is acceptable for engineering estimates. 
The density dependence with velocity is significant. For 
more exact heat transfer predictions, a simple exponential 
density dependence should not be used. 
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Fig. 6. Density dependence of radiance and 
radiation heat transfer 
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ENGINEERING FACILITIES DIVISION* 


XL Instrumentation 


W 65-3243* 

A. A Pressure Telemeter for Wind 
Tunnel Free Flight Pressure 
Measurement 

R. G. Harrison, Jr. 

J. Introduction 

Pressure telemeters are being used at JPL’s aero- 
dynamics facilities to study interference free pressure 
data on models projected into free flight by a pneumatic 
launch mechanism. 

A wind tunnel test program has been conducted at 
JPL (Ref. 1) to develop the pressure telemetry technique. 
The pressure mcasmements in this program were limited 
to the base pressx * ; s of 10- arid 15-deg half angle cones. 
Model bodies were made of plastic with steel noses, to 
prevent melting during flight. 

An attempt was made to catch the model at the era of 
the flight. When it was not caught it was totally destre ; ed, 
except for the telemeter. The telemeter was generally 
recoverable due to the protection given by the Incite 


insert (Fig. 1). Protection while on the launch gun was 
provided by a heat shield (Fig. 2) and a cooling gas. 
The cooling requirements were that the model not be 
distorted by heat and the pressure telemeter not be taken 
outside its operating temperature range. The heat shield 
also provided the model nose support and protected it 
from buffeting when the wind tunnel was started. 

About 15 min was required to bring the wind tunnel 
up to operating pressure and temperature, and usually 
by that time the telemeter had stabilized ana was ready 
for free flight measurement. Then the model nose sup- 
port was withdrawn, reference pressure measured, heat 
shield raised, and the model launched into free flight. 
The telemeter was designed to function, uneffected, over 
the wide ranges of pressures, temperatures, and acceler- 
ations encountered during launch and free flight. 

2. Telemeter Performance 

The pressure telemeter full scale pressure measure- 
ment capabilities are limited by the bandwidth capa- 
bilities of the receiver used. In this case, 200 kc. Three 
sensitivities were produced : 1 mm Hg -- 20, 40 or 80 kc. 


105 



JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV. 




Fig. 1. Free flight telemeter model 




Fig. 2. Launch gun and heat shield 


The pressure telemeters were insensitive to the accel- 
erations encountered in the wind tunnel. At 25 g's there 
were no measurable effects on the instrumentation used 


for data recording. This w 7 as determined by firing a 
model with a telemeter into a padded box wdth the pres- 
sure port sealed and the acceleration computed. This 
exercise was repeated with several models of various 
sensitivities. 

The oscillator stability was found to be 0.001% of the 
oscillator frequency over a period of 30 min. For a period 
of 1 min the stability was found to be 0.5% of 200 kc. 
This was determined with the pressure telemeter pumped 
down in a bell jar, to eliminate atmospheric disturbances, 
and the oscillator frequency monitored with a Hewlett 
Packard Model 524B electronic counter. For periods of 
time comparable to free flight pt riods no deviations could 
be recorded. 

The rise time capabilities of the pressure telemeters 
are 0.5 msec or better without tubing or a bypass capaci- 
toi on the tuners discriminator output. The diaphragm 
of the pressure sensor vibrates at its natural frequency 
for about 6.0 msec, when a sharp pressure pulse is applied. 
Rise times were determined by using a small shock tube 
to generate the pressure pulse. 

The pressure telemeter thermal stability was thor- 
oughly investigated and found to be quite good for the 
stable test times required. A temperature increase of 
100 °F, with an ambient pressure of 14 psi, produced a 
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2.7 % increase in the oscillator frequency. The time inter- 
val between the temperature increase and the start of the 
oscillator frequency shift was 3 min. The telemeter could 
be exposed to 800° F for at least 10 sec before an oscillator 
shift began. These thermal stability measurements were 
made in a well regulated electric oven. An investigation 
of the effects of thermal shock was performed in the 
same manner with no effects noted. The 100 °F tempera- 
ture rise also produced a 0.1% change in the full scale 
calibration of the pressure telemeter. There were few or 
no changes in the performance of the telemeter over a 
temperature range of 30 to 200 °F. 

The pressure telemeter is a differential transducer 
that can be subjected to an overpressure of 50 psi without 
damage or change in performance. The reference pres- 
sure is obtained by a very slow leak into the large volume 
of the leference side of the sensor. This leak rate can be 
easily adjusted to provide stable measurement times as 
long as 5 sec at atmospheric pressure. As the ambient 
pressure goes down, this time can be increased. 

The diaphragm natural frequencies are from 20 to 
27.5 ke, depending upon the assigned diaphragm thick- 
ness and tension. 

3. Pressure Telemeter Design and Construction 

The primary performance requirement of vhe pressure 
telemeter was stability and consistent operation. Next 
was simplicity of assembly and operation. Special tech- 
niques and materials were avoided as much as possible, 
and the number of components were held to a minimum. 

A colpitts oscillator (Fig. 3) was used because of its 
■ insensitivity to variations of the circuit components other 

I than the tank circuit. The telemeter, ready for assembly, 

J consists of four major components: a printed circuit indue- 

| tor, a pressure sensitive capacitor, a battery, and all other 

circuit components in a microminiature package of pellet 
type construction (Ref. 2) (Fig. 4). 

| The characteristics and technique of fabrication of the 

j pressure sensor were determined empirically for the most 
part, due to the uncertainties of determining mathemati- 
* cally the characteristics of very thin metal diaphragms 
} under tension (Fig. 5). Before assembly of the sensor the 
diaphragm was examined for proper tension by pumping 
j down the reference side and measuring the focal length 

; of the concave surface. For example, a focal length of 

; 1.3 in. at a pressure of 14 psi (atmospheric pressure ct 



Fig. 3. Schematic diagram of telemeter oscillator 
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Fig. 4. Telemeter components 
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Fig. 6, F^i'iuw telemeter components layout 



Fig. 7. Calibration system 


JPL is usually very close to 14 psi) would, at final assem- 
bly of the pressure telemeter, provide a sensitivity of 
20 kc ±10% for a pressure difference of 1 mmHg. Two 
diaphragm thicknesses were used, with variations in ten- 
sion, to provide a selection of sensitivities. 

After assembly of the sensor, it was checked for proper 
capacitance on a Q-meter and attached to the inductor, 
where the tank circuit was checked for proper resonant 
frequency with a grid-dip oscillator. The microminiature 
circuit was then attached, and the pressure telemeter 
checked for proper operation before potting. The reso- 
nant frequency of the circuit changes very little after 
potting. The mercury cells are attached with a hard 
sealing wax, and they can be changed in a matter of 
minutes if necessary. Extreme toughness of the potting 
material enabled the telemeter to survive h gh tempera- 
tures and high velocity impact. The pressure telemeter 
is 0.80 in. long, 0.80 in. in diameter at the inductor 
end and 0.50 in. in diameter at the battery end (Fig. />) 
Total weight is oz. Useful battery life averages about 
20 hr providing ample time for calibration and wind tun- 
nel operations. Most battery failures occur during calibra- 
tion. It has been noted that a AT of 100 °F will product: 
c change in battery voltage of about 1 % . 

4. Calibration 

The pressure telemeter was placed in a bell jar (Fig. 7) 
and pumped down to simulate approximately, the wind 



Fig. 8. Typical calibration pulse; A P = 200a Hg; 
X — 20 msec/cm; Y = 50 mv/cm 


tunnel static pressure. A strain gauge transducer ; 
readout, with a scale factor of 5 /<, per division, was zer< 
at this condition. The frequency modulated (FM) tu 
was adjusted to center frequency and the output of 
discriminator displayed on the Y axis of an oscillosco 
A small volume of gas was admitted to the bell jar ca 
ing a sharp pressure step, Tht calibration system rise ti 
was about 10 msec. 

The sweep of the oscilloscope was triggered at the sa 
time the gas was admitted and to record the frequer 
shift of the pressure telemeter. The strain gauge press; 
transducer reading was then recorded to provide a pr 
sure measurement corresponding to the voltage measu 
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ment on the oscilloscope (Fig. 8). To record a pressure 
decrease a large volume at vacuum M as opened tc the 
bell jar, causing a sharp pressure decrease. 

The telemeters have been found to be linear in the 
area of interest, and no change in the calibration slope 
occurs in going from a pressure mu ease to a pressure 
decrease (Fig. 9). The leak rate of the sensor was adjusted 
at the beginning of the calibration. After calibration the 
pressure telemeter was ready for use in the wind tunnel, 
or it could have been stored for a time without a change 
in calibration. 



5. Recording Instrumentation 

A standard McIntosh FM tuner Model MR71 was used 
to receive the pressure telemetry. It had been realigned 
to tune through 98 to 118 Me. The tuner has a 200-kc 
bandwidth, a flat top response and a useable sensitivity 
of 2 pv. The output of the discriminator was a dc voltage 
coupled to the input of a Dynamics dc amplifier Model 
No. 6122. The two dc voltage outputs of the amplifier 
were coupled to a 3-kc response galvanometer in a CEC 
recording oscillograph and to a Tektronix 545 oscilloscope 
(Fig. 10). 

The antenna used was a a/2 loop placed in one window 
of the test section. Antenna orientation was extremely 
critical; however, once properly located it was possible 
to have nearly perfect reception throughout the test area. 
This was determined by mapping the antenna pattern 
with a telemeter. The most troublesome areas were the 
window edges. A Fastax camera was used to provide 
optical data for each flight (Ref. T:. 


6 . Technique of Operation and the Problems 
Encountered 

Free flight techniques have been developed success- 
fully at other facilities (Ref. 4); and, in many respect* 
they are similar to the JPL program. Launching hardwc ' 
(Ref. 5) (Fig. 2) is not described in c .tail other than U 
mention its place in the time sequence (Fig. il) of 
operation. 

When the wind tunnel was ready lor data, the tuner 
and scopes were zeroed and triggers set Then, a reference 
base pressure was recorded on the wind tunnel data r - 
tem. Immediately after recording the reference pressure, 
the heat shield was raised. A switch closure at the top 
of the heat shield travel started the Fastax camera, and 
an event timer on the camera started the recording oscil- 
lograph. A second event tirnei started the launch gun and 
triggered the oscilloscopes. The pressure telemeter per- 
formed properly with few exceptions. A number of data 
runs were lost for a variety of reasons. 

Improper timing and poor antenna patterns at the be- 
ginning cr the test program accounted for many of tiie 
lost data When these problems were sob d it was di 
covered that an unsatisfactory dew point was producing 
poor da»:a. Other runs were lost because of improper cool- 
ing and subsequent damage to the model, battery failure 
in the telemeter, shorted sensor in the telemeter, and 
power line loading caused a tuner shift. Most of the data 
curves of the lost runs indicated that the pressure telem- 
eter functioned properly, but the relationship to the ini a! 
reference pressure recorded was lost. The faulty antenna 
system, of course, did not produce a normal curve 
(Fig. 12). A total of J34 flights were accomplished with 
12 pressure telemeters. 

7 . Conclusion 

On the basis of the results (Ref. 1) (Fig 33) of the pres- 
sure telemetry development program n« the hypersonic 
wind tunnel, the pressure telemeter is considered to be 
operational and capable of producing valid data. 

In fat are wind tunnel tests the wind tunnei data system 
will be fully utilized to achieve greater accuracy. Data 
acquisition in general will be improved. No special instru- 
mentation or training is required to use the pressure 
telemeter. The capabilities of the telemetry system a r 
be immediately improved by obtaining tuners with wide : 
bandwidths th-ii those used in the development progran i. 
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Fig. 10. Tunnel installation of instrumentation 
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C MODEL IN FREE FLIGHT 

WAKE UNINFLUENCED BY PISTON 
D MODEL ENTERS BOUNDARY 
LAYER AND STRIKES FLOOR 


Fig. i 1 Examples of iiming and model position on data trace 
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Fig. 12. Examples of good and bad data curves 


Fig. 13. Ratio of cone base 
pressure to free 
stream static 
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j 5. A Raster Generator for Use in 
the Measurement of Shock 
Velocities 

A. P. Horne 

i 

1 . Introduction 

t The JPL hypervelocity laboratory uses a raster presen- 

J tation of tim^-related data on an oscilloscope as a means 
of measuring shock speed at various points in an arc- 
4 driven shock tube. The reason for the use of a raster pies- 

£ entation, rather than a normal time base, is that it is 

necessary to measure the time between three pairs of 
| pulses, with high resolution and accuracy, where each 

pair of pulses is separated by 20 to 30 /*sec, and the first 
pair is separated from the third pair by several hundred 
microseconds. This presents a conflicting requirement of 
w high resolution and relatively long total display time. 

,«5 



PHGTGMULTIPL'ER 

OUTPUTS 


Fig. 15. Block diagram showing how original raster 
was developed 

the previous raster. Fig 15 is a block diagram of how it 
i> obtained. 




k 

j 
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2 . Initial Raster and Equipment 

The raster generator previously used was a rack- 
mounted, vacuum tube unit that provided for a display 
having a maximum resolution of 2.5 jtsec/cm. It was used 
in conjunction with a Tektronix Type 545 oscilloscope. 
This particular oscilloscope was used because it had the 
widest bandwidth horizontal deflection amplifier avail 
able. 

The raster presentation was formed by combining a 
triangular horizontal deflection voltage, provided by the 
raster generator, with a linear ramp vertical deflection 
voltage, provided by the MAIN SWEEP SAWTOOTH 
output of the oscilloscope. 

In addition, z-axis markers were provided by a block- 
ing oscillator. Fig. 14 is a sketch showing the form of 



Ftg. 14. Original raster, 25/isec/sweep with 
5-/isec markers 


A raster of this form has several drawbacks. One is 
that it requires modifications of the oscilloscope it is used 
with. The reason for these modifications is that the raster 
generator is external to the oscilloscope and requires con- 
nections to internal portions of the oscilloscope. This is 
an undesirable situation. 

Am ther, and the most important, limitation resulted 
from the nature or this type of rastet. If a longer time 
must be monitored, as in the czse of a slow shock speed, 
one ot two alternatives must be taken. One is to slow the 
sweep speed down. This will result in a proportional loss 
of resolution. The other is to reduce the slope of the ramp 
input to the vertical amplifier of the oscilloscope. The 
result ot doing this is shown in Fig. 16. If a date pulse 


ra 



Fig. 16. Original raster, 25ft$ec/sw3tp with 5-/xsec 
markers, showing result of reduced slope of ramp 
input Vo vertical amplifier of oscilloscope 
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should cxx'u? near the end of a sweep it would be impos- 
sible to tell whether the pulse occurred on the upper 
sweep or on the lower sweep. Obviously, large amuigui- 
ties could develop. 

A third limitation resulted from the method of intro- 
ducing the triangle deflection voltage to the horizontal 
deflection plates of the oscilloscope. Th° triangular wave 
output of the raster generator was connected to the EX- 
TERNAL HORIZONTAL INPUT terminal of the oscil- 
loscope. The fastest sweep speed available fiom the 
previous unit was 2.5 fisec/c m and was provided by a 
triangle wave having a period of 50 /isec. To reproduce 
such a triangle wave with good linearity requires an 
amplifier having at least a 2-Mc bandwidth. The horizontal 


deflection amplifier of the Tektronix Type 545 oscilloscopt 
has a bandwidth of approximately 1 Me. This narrow 
bandwidth causes turn-around and phase-shift distortior 
of the triangle waveform resulting in unsatisfactory line 
arity of the time base. Any attempt to obtain highe 
resolution with the previous raster by decreasing the pe 
nod of the triangle wave would be unsuccessful because 
the 1-Mc bandwidth would introduce excessive distortion 
Disregarding this limitation it would still be unsatisfac 
tcry to try to obtain better resolution by merely decreas- 
ing the period of the triangle wave because it woulc 
then be impossible to monitor a sufficiently long time, 
A factor contributing to this is that the Tektronix Type 
545 oscilloscope has only 4-cm vertical deflection. This 
would limit the maximum number of sweeps per raster 
to about twenty. 
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3. Modified Raster and Equipment 

These limitations are overcome by the system to be 
described. This system is bailed upon the use of a Tek- 
tronix Type RM561A oscilloscope. Several reasons for 
choosing this oscilloscope are: 8-cm vertical deflection; 
direct connection to deflection plates available or* plug-in 
connector; dual-channel vertical amplifier available with 
less than 35-nanosec rise-time; and requires only 7 in. of 
rack space. 

It was possible to build a complete solid-state raster 
generator, including a wide-band deflection amplifier, 
on a blank chassis plug-in unit for a Type RM561A 
oscilloscope. No modifications to the oscilloscope were 
necessary because all waveforms needed to produce a 
complete raster presentation are generated by this new 
unit (Figs. 17 and 18). 

The output amplifier is similar to the output amplifier 
of the Type 3A1 preamplifier manufactured by Tektronix. 
It has a bandwidth of 10 Me. This -.I lows a triangle 
waveform with a period of only 10 ^usec, to be used with- 
out introducing turn-around or phase-shift distortion, 
thus providing a factor-of-five increase in resolution of 
the time base. 

If the vertical deflection were still derived from a linear 
ramp it would be impossible to display a sufficiently long 
time base with a sweep speed of 5 /xse c/sweep. To elimi- 
nate this problem, it was necessary to generate a staircase 
waveform that is synchronized with the triangle wave- 
form. By replacing the linear ramp with the staircase, a 




(xrtRNAL 

Tniaa<* 


raster similar to Fig. 19 is formed. (In this unit the mark- 
ers are vertical pips rather than the z-axis modulation 
used in the previous system.) 


It L; the use of a staircase waveform that makes this unit 
unique. The staircase has a rise-time of only 40 nanosec. 
Its amplitude is fixed, so the gain of the vertical amplifier 
is varied to control the vertical distance between sweeps. 
The gain can be reduced to provide as many as eighty 
sweeps, spaced 1 mm, or increased to provide as few as 
four sweeps, spaced 3 cm. It is the resolution of the cath- 
ode ray tube that limits the maximum number of sweeps 
to eighty. 

To make the unit more versatile, five sweep rates are 
provided. Each one is derived from a crystal controlled 
oscillator with a stability of ±0.003% over the tempera- 
ture range of 20 to 60° C. The feedback networks and 
crystals are switched to allow the use of one oscillator 
instead of one crystal oscillator and a series of frequency 
dividers, providing a large reduction in parts count. 


The five sweep rates are 

Marker interval, /x sec 

1 
2 
4 
10 
20 



Sweep rate, pse c 
5 
10 
20 
50 
100 


Fig. U. Block diagram showing how new raster 
was developed 


Fig. 19. New raster, 20jtsec/sweep with 4-/x$ec 
markers 
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These rates allow monitoring of from 400 /*sec, with a 
resolution of ¥z /isec/cm on the fastest sweep rate, to 
8 msec, with a resolution of 10 /isec/cm on the slowest 
sweep rate. Nonlinearity of the generated time-base is 
less than 0.6% for any sweep rate. 

Since the event being monitored is of a transient nature, 
several additional features were i icorporated into this 


unit. Provisions were made to externally trigger the raster 
in a “single shot” mode. This is necessary because the 
display must be photographed for analysis and multiple 
rasters on one photo would be undesirable. A raster length 
circuit is also included for a similar reason. If the display 
U allowed to deflect off-screen, flare-back occurs and fogs 
the photograph. The trigger can be armed remotely, as 
well as locally. Also, there are provisions for remote indi- 
cation of the ready condition. 
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PROPULSION DIVISION 


XII. Solid Propellant Engineering 

.*' 65 - 32436 


A. Arc-Imaging Furnace Ignition 
Test Facility 

L. Strand 

Solid propellant ignition test programs are being car- 
ried on with a newly operational ignition test facility. 
The system is basically an ignition research model of the 
A. D. Little arc-imaging furnace. This furnace combines 
a high-intensity radiation source with an optical system 
for re-imaging the radiant energy onto a propellant 
sample. The radiatior source is a 10-kw (normal powei 
level) to 20-kw (maximum power level) carbon arc struck 
betv Jen two 10-mm carbon rods. The tail flame plasma 
is concentrated t>y a ring of impinging air jets located on 
the anode holder (Fig 1). The concentration of the tail 
flame allows the arc to be focused at the re -imaging 
source. A magnetic field surrounding the anode stabilic cs 
the arc by rotating the plasma stream. During operation 
of the furnace, the anode and cathode are each continu- 
ously fed by a two-speed motor so as to maintain a 
constant arc position and arc current. The position of the 
anode is optically controlled by a photocell sensor that 


defects the magnitude of the arc illumination. The output 
of this sensor controls a relay which, in turn, calls for fast 
or slow feed operation of the feed motor. The cathode 
feed rate is governed by the magnitude of the arc current 
across the electrodes. 

i^ig. 2 is a schematic of the re-imaging optical system. 
The radiant energy of the arc is col 1 cted on a 21 -in. D 
ellipsoidal mirror projected onto a similar mirror, and 
then re-imaged on the propellant sample. An electroni- 
cally controlled camera type shutter is located at the 
intennediate focus position. This shutter has openin g and 
closing times of approximately 6 msec. When the si lutter 
is closed, a douser protects the shutte: from the arc. The 
douser opens and closes immediately prior to and after 
the opening and closing of the shutter. Attenuation 
screens of descending mesh size are placed between the 
douser and the shutter to control the intensity of the 
re -imaged radiuuon. Maximum re-imaged radiation den- 
sities of the furnace averaged over a 9,5-mm diameter 
image are approximately 150 cal/cm 2 -sec at the 150 amp 
normal arc current level and 240 eal/cnrd-sec al the 
300-amp maximum arc current level. 
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Fig. I. Anode and cathode and holders 


-ATTENUATION 

SCREENS 


RE-IMAGING 


K7^ 


\ MIRROR 


-AUXILIARY MIRROR 


-SAMPLE BOMB* 


Fig. 2, Arc-imaging furnace optima! system 


} . Ignition Test Equipment 

The ignition test equipment for this furnace, including 
the previously mentioned douser and shutter, were fabri- 
cated from United Technology Center supplied designs. 


Fig. 3 shows, left to right, the 0..5-in. D by 0.100-in. thick 
propellant sample used in ignition testing, the back side 
of a sample holder with a propellant sample in place, 
the copper cup calorimeter used to measure the intensity 
of the radiation, and one of the 0.5-in. ID by 3- in. long 
Lucite tubes that enclose each of the five sample tioldeis 
and the calorimeter in the multiple bomb test assembly. 
Fig. 4 shows five sample holders and the calorimeter 
mounted in the upper plate of the bomb assembly, and 
Fig, 5 shows the six enclosure tubes mounted on the piate. 
The multiple bomb test assembly and sample positioner 
are shown in Fig. 6 The re-imaging mirror is also shown 
to the ri jbl of the assembly. Vernier control of the sample 
position is provided in three axial directions. The assem- 
bly can be pressurized and purged with nitrogen, oxygen 
or a combination of both, and can also be vented to an 
evacuated surge tuck. Succeeding bombs are brought 
into test position by manually turning ihe bomb assembly. 
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Fig. 4. Mounted propellant samplr holders 

OncM)f the two photodiodes presently mid to view the 
surface of the propellant sample under tes f is shown 
mounted to the right of the bomb assembly in Fig. 6. 
This rear diode \iews the sample from a normal direction. 
The second diode views across the front .surface of the 
sample and is hidden by the bomb assembly in Fig. 6. 


Fig. 5. Mounted enclosure tubes 

A third diode is shown mounted on the upper left-hand 
corner of the sample positioner. This diode is aligned on 
the optical centerline of the furnace passing through the 
shutter. The electrical signal of f { J s diode is used to 
determine the open time of the shutter and, therefore, the 
propellant sample irradiation tiiiK. 

The calorimeter used is of the thermal mass, or slope, 
type 1 (Ref. ] ). The receiver is i spherical copper cup with 
an inner radius of 0.55 cm and an inner height of 0.15 cm. 
The inner surface is blackened with electro-deposited 
platinum black. A 0.1 -mm D copper-Constantan thermo- 
couple is silver-soldered to the hack side of the receiver 
near one edge to measure the temperature rise. The re- 
ceiver is mounted on Bakelite posts for thermal insula- 
tion. An aperture shield of silver-plated copper sheet, 
0.025 cm thick, is mounted in front of the concave surface 
to limit the intercepted area of the beam of radiant 
energy. The edges of the 0.135-cm diameter aperture hole 
have been honed shaip. The shield is mounted 0.025 cm 
from the rim of the receiver with the line connecting 
the center of the receiver and the center of the aperture 
paralH to the optical axis of the system. The physical 
constants of the copper receiver are 

m " mass 0.30 g 
C p - specific heat - 0.093 cal/g-°C 
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Fig. 6. Multiple bomb test assembly and sample positioner 


Neglecting heat losre^, if the gradient across the re- 
ceiver thickness is small, and if the inference between 
the temperature measured at the edge of the rec eiver 
and the average temperate ic is small, the average heat 
flux density l , t rre aperture over an aperture area At 
is given over any time interval At by 



where ST is the increase of average temperature of the 
receiver and a is the receiver absorpthity (assumed 
equal to 1). Knowing the receiver physical constants and 
the aperture area, the heat-flux density of a pulse of 
radiant energy is obtained by measuring the .slope of the 
calorimeter temperature-time curve on an oscillograph. 
In Ref. 1 it is shown that the assumptions of negligible 
heat loss and uniform receiver temperature are valid 
under practical test conditions. 

2 . Control System 

Fig. 7 is an over-all view of the arc-imaging furnace 
installation. The arc housing unit, shown close-up in 
Fig. 8, is located at the far ieft of Fig. 7. The housing 
holds the clec’jodes, their feed systems, blowers, the 


projection mirror, and the douser. All controls for starting 
and striking the arc, correcting electrode positions, and 
stopping the arc are contained on the housing. Both 
housing doors have interlocks to shut off the arc if they 
are opened during operation of the arc. The panel below 
and to the left of the housing contains the main power 
switch and switches for the cooling water pump ( located 
below the housing) and the blower. 

Located to the right of the arc housing is the housing 
for the sautier, sample positioner and multiple test bomb 
assembly, and the re-imaging mirror. 

The environmental system control panel is mounted to 
the right of the arc imaging furnace. Solenoid valves are 
used throughout in the gas lines. 

The instrumentation control chassis (Fig. 9) is located 
in the console to the right of the environmental system 
control panel. All instrumentation lines have been wired 
into the adject nt instrumentation room amplifier-recorder 
system (Fig. 10) pending con pletion of the arc furnace 
recorder system. Ihe chassis contains the circuitry for 
controlling the douser, shutter, and oscillograph opera- 
tions and the mechanical and electronic timer circuits. 
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Fig. 8. Arc housing unit 



period of exposure is dependent upon which termination 
mode tiie stop mode switch is set), and the recorder stops. 
As a means of protecting the shutter, the arc current is 
automatically stopped if the douser should fail to close 
follov ing closure of the shutter. 


The timer circuits allow accurate control of the radiation 
exposure times. The electronic timer has two ranges: 
15 to 100 msec and 100 to 500 msec. The mechanical 
(manual) timers are used for exposure ranges of 0.5 to 
1 sec and 1 to 15 see. Three other modes cf exposure 
duration can be used* 

(1) Manual, in which the douser and shutter are closed 
by pushing the remote control switch shown 
wrapped around the bomb piessure gages in Fig. 7. 

(2) Light, in which termination of radiation occurs 
automatically when the photodiodes detect in- 
creased radiation from the ignition process. 

(3) Fuse, in which the burning through of a fuse wire 
mounted across the front of the propellant sample 
terminates the exposure. 

Pushing the close shutter switch will terminate exposure 
under any operation mode. The shutter may be opened 
without going through the test sequence by pushing the 
open shutter switch. The test sequence is initiated by 
pushing the operate switch In sequence the recorder 
starts, the dourer ai.U shutter t.pen and then close (the 


3. Calorimeter Calibration and 
Focal Volume Mapping 

It is seen from Eq. (1) that, knowing the physical 
constants of the copper receiver and the aperture area, 
calorimeter calibration consists of determining the inches 
of deflection of the oscillograph per degree of receiver 
temperature rise. This was done by two different meth- 
ods. Method 1 consisted of placing the calorimeter with 
aperture removed into an oven and raising the tempera- 
ture to 161 + l°F. The increased output of the oscillo- 
graph was recorded U\ each of the usable amplifier gain 
settings and oscillograph sensitivity values. Then °C/in. 
deflection was computed for each amplification used. 
The second method consisted of connecting a millivolt 
source of 0.25% estimated accurac) to the calorimeter 
lead' vi re. Fo* each oscillograph amplification, inputs of 
0, 0.40, 0.80, 1.00 T 1.20, 1.60, end 2.00 mv were imposed on 
the recording system. Millivolts input per inch of recorder 
deflection was calculated for each millivolt input. The 
computed average of tne values for each amplification 
was multiplied by the °C/mv constant for a copper- 
Constantan thermocouple (20 to 50 °C) yielding °C/in. 











JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV 


deflection. The average difference in the calibration values 
obtained using the two methods was less than 0.75%. 

The re-imaged radiant energy is nearly identical in 
shape to the arc source itself. It is, therefore, not a point 
source, but a volume of energy called the focal volume. 
The focal volume center is the region of maximum 
energy. The flux profiles in the axial, horizontal, and 
vertical directions were oeternr *d by traversing the focal 
volume with a water-cooled CFR-1A circular foil radi- 
ometer. The electrical output of the copper-Constantan 
differential thermocouple in this instrument is linearly 
proportional to the incident radiant flux density and :'*> 
independent of the temperature of the cooling water. 
The calorimeter s small 0.9-mm diameter receiving area 
and lO-msec time constant allow it to measure local flux 
densities within the focal volume. In addition to the 
calibration provided by the manufacturer, the calibration 



DISTANCE FROM FOCAL VOLUME CEN1 £R, mm 

Fig. 11. Focal volume flux profiles 


constant (cal/cnr-sec per millivolt outpt ) for the JPL 
instrument was determined b> the U.S. N; val Radiologi- 
cal Defense Laboratory. 

Fig. li is a graph of the flux density d vided by the 
maximum flux density versus distance from the center of 
the rocal volume along the three axes. The physical 
position of the center point will shift sligh 1> with the 
small excursions of the electrodes from thei mean posi- 
tion. For accurate ignition testing, the samp! - positioner 
must be set so that the calorimeter aperture »s centered 
to measure the radiant flux density at the fc*, al volume 
center. Propellant ignition delay depends no* upon the 
magnitude of the average flux incident upon the propellant 
surface, but upon the maximum flux intensity incident. 

4. Test Procedure and Results 

The ignition delay time of a propellant at a given heat 
flux level and chamber pressure is defined as the mini- 
mum irradiation time required to initiate self-sustained 
combustion, i.e., ignition. A propellant has been charac- 
terized as to its ignitabinty when a log-log plot of ignition 
delay time versus heat flux has been determined experi- 
mentally for the chambei pressure of interest. Fig. 12 



Fig. 12. Ignition delay versus flux for 
NOTS A-87 composite propellant 
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shows such a characterization for a Naval Ordnance Test 
Station composite solid propellant, A-87. It was deter- 
mined by JPL as a participant in the Interlaboratory 
Solid Propellant Ignition Exchange Program. 

The following standard procedure has been arrived at 
for determining the ignition delay time at a given nominal 
flux intensity level. Attenuation screens are inserted in the 
furnace to attenuate the radiation to the desired level at 
the re-imaging focus. The furnace has been previously 
optically aligned (mirrors positioned) so that the re- 
imaged focus lies on the furnace optical axis. Electrodes 
are placed in their holders and positioned to their proper 
spacing. Five loaded propellant sample holders and the 
bomb calorimeter are inserted into the upper plate of 
the multiple bomb, and the bomb is assembled with the 
calorimeter i;i test position. After measuring the baro- 
metric pressure, instrumentation and valve power are 
switched on and the bomb gage pressure is adjusted to 
the desired value. The instrumentation panel stop mode 
switch is set on electronic mode and the electronic timer 
is set to die conect calorimeter irradiation time interval 
for the irradiation flux level. The interval must be iong 
enough to allow the slope of the oscillograph calorimeter 
trace to be accurately measured, but short enough to 
avoid damaging the calorimeter. All furnace switches aie 


turned on, and the arc is struck. When the arc is opeiatinj 
stably, as indicated by the on-and-off flickering or the 
electrode feed lights (fast and slow drive speeds) anc 
the stabilizing of the arc current at the correct level, the 
test sequence is initiated. At the conclusion of the 
sequence the arc is shut off to avoid overheating anc 
damaging the douser. Tl e multiple test bomb is rotatec 
to the first propellant sample, the instrumentation pane 
stop mode switch set to the timer or electronic mode, the 
respective timer set to the desired irradiation time inter 
val. and he procedure repeated. If ignition occurs, a 
shorter irradiation time is chosen, and the test procedure 
is repeated with the second propellant sample. Testing is 
continued at successively shorter irradiation time inter- 
vals until uo ignition occurs. When all five propellant 
samples in the multiple bomb have been used in a test, 
the radiation intensity is again measured vt itli the cal- 
orimeter. The multiple bomb is then disassembled, loaded 
with five new sain:, les, reassembled, and testing is 
resumed. Testing is continued at decreasing irradiation 
time intervals until the oscillograph traces of the two 
ph d xliodes viewing the propellant sample show that 
k ' uion occurs just following closure of the shutter 
v tg. 13). A test is then run at a slightly lower irradiation 
;, 'ie interval. Jf no ignition occurs, the arc is restruck, the 
tensity is measured with the calorimeter, two additional 
ests are . ai in rapid succession at the previous time 
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interval to verify It as the minimum irradiation time for 
ignition (ignition delay time), the intensity remeasured 
with the calorimeter, and the ire shut off. 


With increasing experience it* Vbelieved that this arc- 
imaging furnace installation will become an increasingly 
more useful research tool. 
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XIII. Polymer Research 


N65'^ 


1 7 


A. Some Characteristics of a 
Miniature Stress Transducer 

A. San Miguel and R. H . Silver 

A rniniatu e stress transducer has been developed at 
JPL (Refs. 1 2) to measure the internal stress fields in 
solid propellant. Work is currently under way to establish 
the general characteristics as well as to define the realm 
of practical application of this transducer. 

The concept of directly measuring individual principal 
stresses within a material is relatively novel. To quality a 
device to accomplish this task, it must be demonstrated 
that the advantages to its use outweigh the inherent dis- 
advantages. Ba>ic questions that must satisfactorily be 
resolved evolve from the inclusion problem, the packag- 
ing function, tempera hire interaction; and finally, whether 
stress or strain should he considered as the argument of 
the transducer output function. 

7 . The Inclusion Problem 

The true inclusion problem consists of determining the 
disturbing influence of a relatively rigid particle in an 
otherwise continuous stress field. The importance of the 
inclusion problem usually centers around the crack initia- 
tion phenomena, whicii eventually manifests itself in 


macro-structural material failure. Our interest in the 
inclusion problem will be limited to an attempt to assess 
the interaction between the miniature stress ti ansducer 
and the surrounding elastomeric medium, and the influ- 
ence of one transducer on another when three are 
employed in a rosette configuration. Fig. 1 illustrates the 
nominal stress raisers created by the rigid transducer 
rosette which is embedded in a low modulus polyurethane 
binder, and which, it may be seen, does create a pertur- 
bation in the stress field. Further studies are currently 
under way to quantize the inclusion effect by photo- 
elastic stress-freezing, a phenomenon which allows a 
three-dimensional stress analysis analogous to classical 
two-dimensional photoelastic stress analysis. 

2 . The Fackaginc Function 

The sensing element of the miniature stress transducer 
is a piezoresistive p-type silicon splinter presumably 
having a (111) crystallographic orientation. This splinter 
is commercially available with dimensions of approxi- 
mately 0.0005 X 0.005 in. rectangular cross-section and 
0.040 in. over all length. This element is quite fragile in 
itself. Hence one objective of packaging is to protect the 
splinter from directly applied environmental loading. 
A second objective of the packaging is to limit the dimen- 
sional changes of the splinter, thereby greatly increasing 
the range of stress which may be applied to the element 
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Fig. 1. Embedded stress transducer 
rosette 


without fracturing it. A third objective of packaging is to 
provide an electrical contact, as well as an application 
flexibility for bracing and recording wires. 


(Eq. 2 of Ref. 2) are imposed on a splinter in the (111) 
orientation, then 

E[ P 

77 1 + Tr' u crj + tt' <t 2 -i- ir' n tr, (1) 
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Here 


( 2 ) 


E\ — the electric field component along the length 
of the splinter 

i\ = the current component along the length of the 
splinter 

A p — resistivity change along the length of the 
splinter 

_ resistivity change along the splinter length as 
a result of a longitudinal stress on the splinter 


The phenomenon of piezoresistance allows a great 
degree of freedom with regard to packaging design. 
Essentially, one stress sensitive axis of the splinter is pa St- 
aged so that it is aligned with the stress axis to be 
measured. A synopsis of the pertinent construction and 
theory is found in Fief. 2. 


tt\ 7 r' H = resistivity change along the spbntcr length as 
a result of a lateral stress on the splinter 

cr\ = longitudinal stress on splinter 

<t 2 , <rs = lateral stress on splinter 

t' 3 , Tj^ = shear stress on splinter 


The general constitutive equations for silicon (Eq. 2 of 
Ref. 2) are based on the assumption that commercially 
available silicon splinters belong to a cubic class such as a 
diamond cubic and zinc*blende structure. It can be shown 
(Ref. S) that a maximum longitudinal piezoresistive co- 
efficient can be obtained in silicon along the ( 111 ) direc- 
tion. A pertinent relationship to consider (Ref. 6 ) is what 
may be called the “General-Orientation-Uniaxial” Piezo- 
resistance Design Equation. If the conditions that 

•2 “ K = t'j, (= <Tit) = t' , (= <r,:,) 

= r' 12 (=a la ) = E'=E' =0 


Eq. (2) indicates that if *he crystallographic piezo- 
resistive coefficients are known, as well as the splinter 
orientation, then a set of coefficient pertinent to a given 
splinter may be evaluated. At present the crystallographic 
coefficients for thep-type silicon splinters used in this study 
are unknown. However, the direction cosines l lf m u n lr 
which commercial sources strive for (assuming that silicon 
strain gages of maximum sensitivity are being manufac- 
tured), are (referring to Fig. 2) given in Table 1 . 

The angles and rotations of Fig. 2 can best be under- 
stood by a description of the operations used to perform a 
transformation from axes (x,y,z) to axes (x (1) Start 
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Fig. 2. Transformation from axes ix, y, i) to 
axes (x f t y 7 , z 7 ) 

with the axes coinciding, y* w ith .t, \f with i/, and with 
z. Rotate the primed axes through an angle 6 about the 
^ axis, This determines the final position of i/. which 
remains in the ( xjj ) plane at an angle 4> from y. (2) Rotate 
the primed axes through an angle 9 about the \f axis, 
while keeping if fixed. The r! axis is then at an ..ngle 6 
with the z axis. (Note that x\ z and J are < T in the same 
plane, since all are perpendicular to if.) The final angle 
between x and xf is cos -1 (cos 0 cos <f>). 

It is obvious that the direction cosines of the x 7 axis 
along (111) are 


/, — cos 9 cos 4 > = 

V-S 

JTti —cos6 sin = 

n~ 

V- 3 

n ; = — sin 9 - 

-T 


Further analysis (Ref. 5) shows that 
cos-' <f> = sin- <j> — -~ 


Hence 

o i 

cos- 0 — ~ ; sin 2 9 = -T- (4 

o o 

Having established what the direction cosines should l 
for commercially available silicon splint*: rs, the transduce 
packaging arrangements can be set 

The applicability of the above theory to the stress cram 
ducer design can be illustrated in the following manner 
In Ref. 5 the values for a particular p-type silicon ar» 
listed as 

P — 7.8ohm-cm, 7r :i = 6.6 X 10 -12 dynes/cm 
= 1.1 X 10 -12 dynes/cm- 

and 7T-i i = 138.1 X 10 -12 dvnes/cm 2 . These values were 
incorrectly stated in Ref. 2, since they were obtained frorr 
Ref. 7, which is in error. The results of either Ref. 2 or 1 
were nut affected by the error. In any event, using the 
values of direction cosines in Table 1 together with the 
above listed rr;/s, the oriented tt'/s can be computed anc 
are found to be 

7t 7 j — 9-3.6 X 10~ 12 dynes/cm-, 7r 7 . “ sr 7 , 

— ' — 44.5 X 10~ 12 dynes/cm 2 

Fig. 3 illustrates data obtained by direct “dead- weight" 
loading, both in the longitudinal and lateral directions oi 
the transducer. This experiment consists of applying a 
load directly to the transducer. Needless to say, d.e data 
are relatively consistent, despite the inherent experimental 
difficulties encountered. A pertinent observe* on is that 

experimental = — 0.45 as compared to 

7r' u / 

^ theoretical - - 0.48 

This comparison indicates that the direction of this study 
program is a reasonable one. 


ubfe 1. Direction cosines for maximum longitudinal sensitivity along (111) 
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stresses did not occur as a consequence of curing and the 
thermal cycle, since the resistance of the transducer re- 
turned to its initial 110 ft. (2'i Transducer drift did not 
)ccur for a period of 13 hr at 145 °F. (3) The transducer 
is temperature-sensitive in a nearly linear relationship. 
These observations indicated that the embedding of 
similar miniature stress transducers in polyurethane 
binder does iot give rise to serious residual stress con- 
centrations (Fig. 1). It also appears that the stress trans- 
ducer can readily survive the curing cycle of many solid 
propellants. Finally, the temperature sensitivity of the 
transducer must be due to the difference of the coeffi- 
cents of expansion of the Teflon packaging material 
(approximately 0.5 X 10 ^ in./in./ ’F), the silicon splinter 
"approximately 1.3 X 10 _4; in./in./°F) > and the polyure- 
thane resin (approximately 1 3 X 10' 4 in./in./°F). Thus 
the transducer should be calibrated in solid propellant as 
a function of temperature to establish the portion of out- 
put due to temperature. 


Finally, Fig. 6 illustrates the r< iationships among :om- 
pressi *e stress of the polyurethane block containing tin* 
miniature stress transducer, the resistance change of the 
stress transducer, and tne temperature of vhe transducer. 
The slopes of the str ess -irput/rcsistancr -output cuives 
aie approximately the same. The shift of each curve is 
due to differences in thermal coefficients as discussed. 
With calibration curves such as jhowu in diis figure, die 
sti ?ss state within solid propellants could be measured by 
separating out the temperature contribution to the frans r 
ducer output. 

4. Stress or Strom Transducers 

It has been shown that the response of one transducer 
can be characterized by Eq. (1). However, if three such 
transducers are position^-d within a material along the 
three principal stress directions, the three principal 
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stress's within a point region of propellant can be evalu- 
ated by the following three equations: 

— - — At/, r Bfr 2 — E ? i^Transduc^r 1) 

p.. 

~ Bdi — Atr s — Ben ^Transducer 2) 15- 

p., 


" B<t j — Bv. " Act, (Transducer 3^ 
p» 

Note that symmetry of ~ tt', means that only two 
coefficients are required [Eq. (1)]. Another assump- 
tion is that the three transducers have the same piezo 
resistive properties. Thus it is shown that the three 
principal stresses can reasonably be measured within 


elastomers or solid propellant, provided that the stress 
rosette is* oriented along the three princ ipal directions of 
stress. It is obvious that a stress field gradient within the 
volume containing the rosette would introduce error. 
However. Fig. I indicated that such a gradient may not 
exist for several types of stress fields. The strains ex- 
perienced at some distance away from the transducer can 
easily be 20^, as v.as the case for the above-mentioned 
polyurethane resin. The only way this transducer could 
be used to measure finite solid propellant strain* would 
be to require that the solid propellant constitutive rela- 
tionship between stress and strain be known a ^anori. 
Such relationships aie not yet in existence. One objective 
in developing * miniature stress transducer is to provide 
a tool with which to establish such material property 
constitutive equations for solid propellants. 
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XIV. Research and Advanced Concepts 


N65-32438 

N . - ~ 

A. O-Ring -Alkali Metal 
Compatibility 

W. Phillips 

A series of eleven O-ring ma’erials were exposed to 
static potassium at £00 °F for 500 hr (Fig. 1). Buna N was 
the only material which retained its initial shiny, smooth, 
and elastic characteristics. Six other O-rings remained in 
fairly good condition, retaining their smooth surface and 
elasticity. These were: polyacrylic, i.utyl, silicone, fluoio- 
ilicone, natural rubber, and nitrile MIL-P5315A. The 
neoprene was attacked, and the acrylate was completely 
de. truyed. The Teflon and Buna S were hardened and 
roughened, respectively. 

An identical series of nngs was exposed to solid lithium 
at th: rame temperature. The five rings rhown in Fig. 2 
were licit dened and attacked. These were L una N, acrylic, 
Buna i, neoprene, and nitrile MIL-P5315A. The silicone 
rubber ring was completely destroyed and rot recovered. 
The butyl ring was softened to *? plastic un isable state. 


The remaining rings — polyacrylate, natural rubber, Tef- 
lon, and fluoro-silicone — appeared irx satisfactory con- 
dition. Another series of O-rings are currently in test at 
450°F in molten lithium. 


Table 1. Summary of O-ring-tdrali metal compatibility 


1 

Numb 

Compound 

Condition after 
potassium 
exposure' 

Condition after 
lithium 
exposure 4 

1 

Buna N 

Very good 

Hardened 

2 

Acrylate 

Destroyed 

Hardened 

3 

Buna S 

Surface roughness 

Hardened 

4 

Polyacr/lic 

Good 

Good 

5 

Neoprene 

Attacked 

Hardened 

6 

Natural :'bher 

Good 

Good 

T 

Silicone 

Good 

Destroyed 

8 

Teflon 

Hardened I 

I Good 

9 

Butyl 

Good 

Softened 

10 

Fluoia* silicone 

Good 

Good 

11 I 

i 

Nitrile MIL P5315A 

1 

Good 

Hardened 

'Expocur** war* of 390*F for iOO hr. Th* potassium w«i i 
toild at (hit t*(T>p*rotu.'*, 

molten and th* lithium 
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Fig. 2. O-rings on left attacked by contact with solid 
lithium at 300°F for 500 hr compared to 
those exposed to potassium 



Fig. 1. O-rings after exposure to potassium at 300°F 
for 500 hr 


B . . N 65- 32439 

B. Axisym metric Steady Flow or 

a Swirling Compressible Fluid 

Through a Convergent- 

Divergent Nozzle Without 

External Heat Transfer 


P. F. Massier 


1. Introduction 

Axisymmetric swirling flow through a nozzle may 
occur, for example, in the exit nozzle of an arc jet or in 


the exit nozzle of a vortex tube. For the case of an arc-jet 
nozzle, swirling flow may have a significant influence on 
the heat flux to the nozzle wall, in particular iiv the con- 
vergent portion, as was shown in Ref, 1. In order to gain 
a better understanding of the flow field which in turn 
influences convective heat transfer, an investigation of 
ambient temperature swirling flows through nozzles was 
initiated in conjunction with present ionized gas-flow 
experiments. The steady swirling motion of a real fluid 
that flows througn an axisymmetric convergent-divergent 
nozzle is three-dimensional and viscous. Because of the 
complexity associated with the mathematics required to 
describe a real flow of this type, the analysis presented is 
one in which numerous assumptions are made in order tc 
greatly simplify the approach. 

Preliminary experiments have been performed with 
argon a t approximately ^mbient temperature using the 
apparatus configuration shown in Fig. 3. The measure- 
ments that were made — namely, die temperature and 
radial static pressure distribution along the end wall 
located upstream of the nozzle inlet, the static pressure 
distribution along the nozzle wall, the average inlet gas 
temperature, and the mass flow rate — were used in the 
analysis to establish quantities that were not measured, 
such as the axial and tangential components of the 
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velocity. Experimental results are shown for Oxie test In 
which the stagnation pressure was 15 2 \ sia. For this lest 
the injection velocity into he mixing chamber, which was 
tangential, was 136 fl/sec. The gas was injected through 
four 0.250-in -D holes spaced 90 deg apart. On Tie end 
wall the diameter of the five pressure laps nearest the 
'.enterline vis 0.01 1 in., and lor the remaining holes 
the diameter was 0.015 in. The length-to-diamct' 4 r ratijs 
were anproximatelv 5 for vhe smaller diameter holes and 
3 for the ledger holes. The diameter of the pressure tap 
holes on the nozzle was 0.019 hi., and the length-to- 
diameter ratio of these holeu ranged from 4 to 25. 


(3) The radial component of the velociti is negligible. 

(4) The distribution of the axial velocity component is 
uniform at any plane normal to the axis. 

(5; The flow is axially symmetric. 

(6) The gas is perfect; thereto re, 

pip = *T (1) 

c p = constant 
('i ; The fluid is nom iscc as. 

(8) The flow is adiabatic. 


The analytical problem is analogous to, but more gen- 
eral than, plane one-dimensional flow through a nozzle. 
That is, as in plane one-dimensional flow, the radial com- 
ponent of the velocity is neglected and the axial velocity 7 
distribution is considered to be uniform at any given 
plane normal to the nozzle axis. Unlike plane one- 
dimensional flow, however, both the tangential and axial 
components of the velocity are taken into account. The 
experimental tangential velocity distributions were deter- 
mined from the temperature and static pressure measure- 
ments along the end wall, and as a consequence of the 
anal> sis were taken to be the same at the nozzle inlet. 
As established by numerous other investigations of flows 
in vortex tubes, two flow regions were found to exist. 
Near the centerline the swirling flow' rotates with a 
velocity distribution similar to that of a sclid body, and 
in the outer anriflus the velocity distribution is similar to 
that of a potential vortex. A transition occurs between the 
two swiiung flow regions. Although it is primarily the 
injection technique and the viscosity that cause the fluid 
to fonn two regions in which the tangential velocity 
distributions arc different, the expansion process through 
ti e nozzle is assumed to be revei sible and adiabatic both 
in the core and in the outer annulus. The decrease in 
pressure along the flow direction, resulting from the 
expansion process, is associated with an Increase only in 
the axial component of the velocity. Hence, the tangential 
velocity component is a unique function of radius 
throughout the nozzle and is not a function of axial 
position. 

2. Major Assumptions 

The general equations of motion (fief. 2) are simplified 
into a set of equations that may be used in both the 
annulus and the core of the swirling flow by introducing 
the following general assumptions: 


Perhaps the most restrictive and nonrealistic of these 
assumptions is that the radial component of the velocity 
is neglected. A radial velocity component must exist in 
the flow field whenever the walls of a duct converge or 
diverge, as they do in a nozzle. This can have a significant 
influence on some of the flow variables, such as static 
pressure and mass flux (Ref. However, since plane one- 
dimensional flow theory has been used with considerable 
success to establish relationships among the flow r v -Tables 
for nonswirling axial flow in convergent divergent nozzles, 
the radial velocity con ponent in swirling flow is not 
considered in the present investigation. Besides these 
assumptions and those stated in the introduction, addi- 
tional assumptions are discussed throughout the analysis. 

3. Simplified Equations of Motion 

The equations that result by introducing the eight 
assumptions listed in the previous section into the equa- 
tions of motion are as follows : 

Continuity: 

IkA = 0 ( 2 ) 

dz x 

Radial momentum: 

( 3 ) 

r dr 

Tangential momentum: 

dv _ n 

P w - 0 (4 ; 

Axial momentum : 


(1) No body forces exist. 

(2) I be flow is steady. 



(5) 
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Energy: 



<fi) 


4 . The Flow Field at the Nozzle Inlet 

1 ne experimental tangential velocity distribution at the 
r.ozzk- in!et was determined from the temj>erature and 
static, pressure m?asui\r»nents aiong the end wall which 
was located upstream oi the n >zzle inlet .is shewn in 
Fig. 3. The validity o f dus method is established by use 
of Eqs. (2) and (4). The product pw is a constant between 
the end wail and the nozzle inlet as established by Eq. (2), 
because the diameter in this region is constant. Also, pic 
is no. zero; therefore, by Eq. (4) 


Hence, the tangential velocity 5s independent of axial 
^ i* 'Son and. therefore, can depend "it mo«t cr»!y* on the 
rad ai coordinate This rendition is a consequence of the 
-nopvfcccus and axial symmetry assumptions and of ne- 
glecting the radial velocity. The fact that the tangential 
velocity t> does depend on the radius is established bv 
Eq.(3). 


In order to evaluate the tangential velocity, both the 
density and radial static pressure gradient most be known 
at each rad’ a] position. The end wall static-pressure dis- 
tribution i‘> shown in Fig. 4, aod th ? pressure gradient 
distribution, ^s determined graphically from the pressure 



Fig. 4. Static and stagnation piessure distributions at 
the nozzle inlet for argon flow with swirl 



Fig. 5. Radial pressure-gradient distribution along 
the end wall foi argon flow with swirl 


distribution plowed on a greatly expanded scale, is 
shown in f ig. 5. The density was obtained by iteration 
with the use of Eqs. (I* and (3) as well as Eqs. *3} and 
(9) that follow- 


(T P -T) = K (T t - T) 


(Tt — T) — 


vr 


( 8 ) 

(9) 


Eq. (8) is a definition of a recovery factor for thermo- 
couples. For these test; bare wire thermocouples were 
installed through the end wall, which, acco ding to lief. 4, 
have a recovery factor of about 0.65. Eq. (9) is a 'orm of 
the energy equation. It does not contain o f hcr velocity 
components, because at the end wall the ‘anc.'^tisl 
velocity probably dominates the other possible compo- 
nents, at least for the purpose of evaluating the tempera- 
ture in this mannt The iteration procedure was initiated 
by assuming the thermocouple temperature t<. be the 
static temperature in Eq. (1) The temper iture distribu- 
tions obtained by this procedure are shown in Fig. 6, and 
the tangential velocity distribution is shown m Fig. 7. 
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Fig. 6. Gas temperature distributions for argon 
Low with swirl 



Fig. /. Velocity distributions at the nozzle inlet for 
argon flow with swirl 


Actually, two tests at nearly the same stagnation tem- 
perature and pressure were performed to obtain these 
results, one with an end wall that contained static pres- 
sure taps and the oiher with an end wail that contained 
thermocouples. An adjustment was made for the slight 


diffc. .rice in inlet tempe ^ turc as indicated in the note 
in Fig. 6, and a simila* adjustment was made for the 
pressure. The stagnation pressure was computed using 
the following cquatio * 

p t = p^4~- (i°) 

This pressure distribution is shown in ~ig. 4. 

It is apparent in Fig. 6 that energy transfer occurred 
within the vortex, since the stagnation temperature is not 
uniform. All the ’emperatures at the centfrline are the 
same because the velocity dieie is taken tc be zero. 

The tangential velocity distribution of a potential vor- 
: tex (ir = 4.63 ft-/sec) is shown in Fig. 7 ior comparison 
with Uie experimental results. The cons rant was arbi- 
trarily chosen to match one of the data points. It is 
aj parent that in the outer part rr the vottex the tangen- 
tial velocity dis aibutiun is more nearly that of a potential 
.ortex than it is of a solid-body \ype of rotation which 
approximates the distribution :n the core. Subsequent 
rests not shown in which the peak tangential velocity has 
shifted to a larger radius indicate the sc lid -body ti.pe of 
rotation in the core more clearly. In addition to the tan- 
gential velocity Fig. 7 also shows the axial component of 
the velocity ; . the nozzle inlet which was determined 
from the following fonn of the continuity equation 

m — p^vpAcW ( 11 ) 

The average density acioss the cross-socLon at the nozzle 
inlet was evaluated graphically by use of the end w T all 
measurements, and it is of course assumed that at the 
nozzle inlet the axial velocity is uniform. 

J. The flow Field in the Nozzle 

In the nozzle the same conditions apply with respect 
to the tangential velocty as between the end wall and 
the nozzle, inlet; that is, v is a function of the radius only 
as shown by the experimental data in Fig 7, As a con- 
sequence, the flow' expansion process resulting from the 
axial pressure gradient influences onle the axial compo- 
nent of the velocity and the values of tae thermodynamic 
properties. The axial velociti* is assumed to be uniform 
at any cross-section in the n^;.: f The radial static pres- 
sure distribution normalized to the measured value at the 
wall is assumed to he identical from the centerline to the 
local wall radius at all axial positions including the end 
wall. As a consequence, it v as possible to establish aver- 
age values of the density at ail axial locations where wall 
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static pressures were neas**red by use of gt«.p!r-cal inte- 
gration of one curve of density ratio (p/p*-) versus A*. 
The axial velocity Jistri*- uben in most of ihr cr t vergent 
part of the nozzle; was then computed with (he use of 
Eq. (111. In order \o evaluate the average density it was 
necessuy to determine the density/ at tl e wall. This was 
done by tssu.uing an isentropic expansion (not one- 
dimensional) from th< stagnation conditions determined 
by end wail measurements at the local nor-’e wall radius 
to the measu r cd static pressure on die nozzle wall. For 
this puipose the following equation wa - used: 



For ugon y = 1.67. The axial velocity was then added 
vectcrally to the tangential component in order to obtain 
the resultant velocity V. This procedure was followed 
for the first six data points beginning at the nozzle inh*t 
shown in Fig. 8. 


from swirling flow (Ref. 1), V; is appropriate tc also consider 
the mass flux ; . which is a major parameter that influence: 
convective heat transfer. In Fig. 10 the of mass 

flux wffh swirl to that without swiri at approximately tlie 
same stagnation pressure is shown as a function of axiu 
distance along the nozzle. It can be seen that in the 
convergent portion the mass flux with the amount of 
swirl piesent, as discussed, is much larger than when 
swirl is not present; hence, the eonveet've heat flux 
would be expected to be much higher with swirl. . 

Since the velocities and mass fluxes discu->ed were 
obtained from the static pressure measurements along 
the nozzle wall they are the values in the free stream at 
the edge of a presumably thin bound ay layer. The vari- 
ables .at the edge of tlie boundary liver are among the 
importan: ones that influence the convective heat flux 

c . Relevance of These Results to Those of the 
Heat-Transfer Tests 


Beginning with the seventh data point from the inlet 
Eq. (13) was used to compute the resultant velocity 


r< 


v- 2gyRTt 
V (r - l) 


Rif] 


(IS; 


This equation applies for an isentropic (not one- 
dimensional) expansion from the stagnation condition to 
the measured static pressure on the nozzle wall. The axial 
velocity was then obtained from the resultant velocity 
and the tangential velocity. The nozzle was divided into 
two regions in this manner, because near the inlet the 
pressure ratio was not sufficiently accurate to obtain good 
results from Eq. (13). Furthermore, in the divergent region 
the acciracy of the average density was believed to be 
less than that of vhe velocity determined by Eq. (13). 
Between axial distances of 1.6 and 2.0 in. the velocities 
detei mined by ‘h se two methods agreed within 10%. 


In Fig. 8 it is apparent that in most of the convergent 
part of the nozzle the tangential velocity' is considerably 
larger than the axial component; whereas, in the diver- 
gent part, the axial component clearly dominates the tan- 
gen rial. The ratio of these two velocities (tangential 
divided by axial) is shown in Fig. 9, where it is very 
evident that the flow field in the convergent portion ‘s 
dominated by the swirl. 


Since this investig ition was initiated as a result of an 
observed significant effect on nozzle heat flux resulting 


The heat-transfer tests of Ref. 1 were conducted with 
a nozzle that had convergent nd divergent half angle.* 
of 10 deg and a throat dianv ter of 0.6 in., which is a 
different configuration from that of this nozzle (Fig. 8). 
Furthermore, the heat-transfer tests were conducted at 
a bwer pressure, higher temperature, and with a cathode, 
anode and difft rent tangential injector in the $> stem. The 
dif erences in configuration would certainly have a.< effect 
on the flow field as would the gas properties; now ever, 
it is believed that qualitatively the trend in mass flux 
rato indicattd by Fig. 10 was present when *ht heai- 
tra.isfer tests were performed. T t is anticipated dut addi- 
tional cold flow tests will be conducted v h»ch more 
nearly represent the configuration used foi the heat- 
transfer tests. 

7. Conclusions 

The combination of the analysis and the experimental 
results indicate that the swirling flow thiougb a nozzle 
consists of essentially two types of swirling regions.. A 
cort exists in which the tangential velocity distribution 
is approximately that of solid body rotation, that is,. 
>>/r = constant. In the outer annulus the tangential ve- 
kxr.ty distribution is more nearly that of a potential vor 
tex; that is, or — constant A consequence of the analysis 
based on the simplifying assumptions is that the tan- 
gential component of the velocity depends only on the 
radial coordinate and not on the axial coordinate. Hence 
the expansion process results in an increase of only the 
axial component of the velocity. 
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tfg. 8. Velocity distributions along the .tozxfe For argon flow with swirl 
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A/iAL OlSTANCE FROM NOZZLE INLET z, in. 

-ig. 10. Ratio of ma$$ flux wish swirl to mass flux without swirl near the wall of the nozzle 


V 



F v i‘ the amount of swirl injected in the test analyzed 
the tangential velocity dominated the axial velocity in 
most of the convergent part of the nozzle; whereas, the 
axial component dominated in the divergent part. Also, 
in the convergent part of the nozzle the mass flux near 
die wall for flow with swirl was much higher than for 
flow without swirl, but this effect diminished the flow 


progresssed along the nozzle. This high local mass flux 
with swirl undoubtedly was 'he major factor that in- 
fluenced the previously observed high heat flux for an 
approximately similar flow condition. 

A definition of terms used in this section appears in 
the following table. 


Definition of Terms 


A,- cross sectional :rea 

■ 

T ( stagnation temperature 

c p specific heat at constant pressure 


V resultant velocity 

Dih nozzle throat diameter 


o tangential component of velocity 

g gra vitational constant 


tv axial compoueu* of veloeuy 

X constant - 0.65 


z axial coordinate 

m mass flow ratr 


y specific heat ratio 

p static pressun 


p static dr wsity 

p t stagnation pressme 



r radial coordinate 


Subscripts 

R gas crust ant 


t; condition at the nozzle wall or outer 

T static temperature 


periphery 

Z v thermocouple temperature 

are average conditions 
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C. Liquid M HD Power Conversion 

D. Elliott, D. C'jrini, t. Eddira on, L. Hays 
end E. V/einbery 

The long lifetimes required of electric-propulsion 
powerplants makv nonrotating cycles attractive A non- 
rotating powerpiant under investigation at JPL is the 
liquid mr.gneiohydro dynamic system siiown schemat- 
ically in Fig. 11. In f his cycle a fluid, such as cesium, 
circulates in the vapar loop and causes a liquid metal, 
such as lithium, to circulate through an MUD generator 
in the liquid loop. The cesium leaves the radiator as 
condensate, flows '.hrough an EM pump to the mixer, 
vaporizes on contact with the lithium, atomizes and 
accelerates the lit mum in the nozzle, separates from the 
lithium in the separator, and returns to the radiator. The 
lithium leaves the senerator at high velocity (typically 
500 ft/sec), decelerates through the production of elec- 
tric power in the MHD generator, and leaves the gener- 
ator with sufficient velocity (typically 300 ft/sec) to 
return through a diffuser to the reactor, where the lith- 
ium is reheated. 

Results of nozzle, separator, and diffuser investigations, 
and estimates of cycle performance were presented in 
Ref, 5, and DC generato- experiments were reported in 
Ref. 6. Further electrical a’ i hydraulic investigations 
were discussed in Refs. 7-11 and are continuing. 

7, Wall Shear in Two-Phase Flow 

Wall shear stress has been determined for two differ- 
ent liquid volume ratios in two phase flow of the type 
leaving, the separator in an MHD conversion system. 
The i* ‘suits suggest a simple relationship for predicting 
the v'all shear. 



Fig. 11. Liquid MHD power conversion cyde 


The injector of the supersonic two-phase tunnel de- 
scribed in Ref. 8 was attached to a 15-in.~long duct of 
0.75- X 1.95- .n. cross-section. The assembly was mounted 
on a thrust stand with a dirital thrust-measuring system 
indicating to tenths of a pound. Two phase flow of 0.5 
liquid volume fraction was injected at velocities from 
146 to 330 ft/sec af atmospheric pressure Secf'ms of 
duct approximately 2 iti. long were removed between 
thrust measurement? and wall shear stress r ir was de- 
termined from 

thrust increase __ \F 
T,c wall . rea removed AA 

From a previous, less accurate, experiment of this type, 
wall shear* results corresponding to a liquid volume frac- 
tion of 0.35 were also available. 

By computing r« C/ . corresponding to a completely water- 
filled duct at the same flow velocity, the ratio T l0 /r,r L was 
determined for each velocity and plotted versus liquid 
volume fraction for the two groups of data. The results are 
shown in Fig. 12. Comparison with a straight line between 
zero (wall shear with pure gas would be 0.0013 T ir . L or 
essentially zero) rind 1.0 shows that the simple relationship 

r w - X liquid volume fraction 

can be conservatively used tor predicting v ail shear in a 
high-velocity homogeneous two phase flow of this type. 

The above relationship is equivalent to utilizing the 
mixture density (p -- liquid density X liquid volume 
fraction, ignoring ga.. density) of the two-phase flow and 
calculating the shear stress as though the mixture vere 
a single-phase medium If friction factors for the experi- 
ments are computed based on mixture density and 
plotted versus Reynolds number based on mixture den- 
si e- r md liquid viscosity, the results for the 0.5-volunie 
fra case (Fig. 13) fall within 10% of the Prandtl- 
vo* man resistance law. 

.. AC Generator End Effects 

A method has been found for minimizing the end 
losses in AC induction generators by adding compensat- 
ing poles to cancel the flux changes at zero slip and thus 
achieving, in a onc-wave^ngth generator, substantially 
the “infinite length” efficiency. An experimental 5-kw 
one-v/avelength generator using this method is being 
fabricated. This generator will have an efficiency of only 
about 40%, but the desired efficiency level of 60 to 70% 
appears attainable at the 300-kw level, as discussed late.. 
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0.5 1 0 

LIQUID VOLUME FRACTION 


Fig. 12. Variation of wall shear with liquid volume 
f rc :tion in two-phase flow 

Two AC generator geometries are of interest for a 
full-scale conversion system; the annular generator (Fig. 
14) which would be m i in conjunction with a conical 
separator (Kef. 5) and the flat generator (Fig. 15) whiel 
would be used with a two-dimensional separator (Ref. 11) 



Fig. 13. Comparison of measured friction factor based 
on mixture density v/ith Prandtl-von Karman law 
(liquid volume fraction = 0.5) 



Fig. 14. Annular AC generator 


In the annular generator the liquid met? i. enters a 
channel ot circumference c, matching the cr nfereRce 
of the exit of the separator cone, and of gap b, matching 
the thickness of the liquid film leaving the separator. 
The inlet velocity is U,. Within the generator the liquid 
passes through a traveling- wave magnetic field,, radially 
directed, 'produced by polyphase windings in .slots hi the 
inner and outer laminated stators. The field travels more 
slowly than die fluid and induces circumferential currents 
in it. The currents produce two effects: (1) they retard 
die fluid and (2) they induce voltages in the windings to. 
provide the desired AC power output. Due to thv 
retarding "orce the fluid decelerates, in length L, to 
velocity V 2 at the generator exit. The gap b increases to 
accommodate the decreased velocity while maintaining 
constant pressure as dictated by cycle considerations. 
The circumference c also increases as the channel follows 
the angle cf the separator exit. 

The operation of the generator is entirely equivalent 
to that of a squirrel -cage induction motor, with the 
squirrel-cage rotor replaced by the liquid metal. 

In the flat generator (Fig. 15) the channel is rectangu- 
lar with conducting side plates. The circumference c is 
replaced by the distance between the side plates. Here, 
the currents in the fluid Jow into and out of the conduct- 
ing side plates, instead of closing on themselves as in the 
annular generator. Within the fluid, however, there is no 
difference in behavior between the two generators, and 
performance is the same provided the annual generator 
has no net current flowing around its circumference, a 
ease excluded by the side plates in the flat generator. 
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Fig. 15. Fla f AC generator 


Two requirements on liquid-metal AC generators are 
.apparent at the outset. First, the kr<5e friction loss in 
high-velocity liquid flow dictates that the generator 
Jesgiirbe as short as po >sible. Since this length is.de- 
- termined by the magnetic jurJd available to provide the 
necessary velocity cha^igo, tKe field must, ideally, reach 
fuU ^mphtude at the ini 3t of the generator and remain 
constant throughout its length, limited only by satura- 
tion of the iron. Second, the amount of copper must be 
minimized to provide in rimum non length fraction for 
maximum chan 1 : el field a t saturation, and, since each pole 
requires the’ sa oe ampere-turns, this means that the 
fewest possible poles (two poles = one wavelength) 
, should' be used. Two piles are the fewest that can be 
employed without an e eternal magnetic return path or 
power output pulsation and that number, therefore, is 
the . obvious choice. 

The use of a consta lt-amplitude traveling magnetic 
field ^introduces a pot mtially: serious- loss mechanism 
which can be visualize 1 by following a particular fluid 
ring through an angular generator, as illustrated in Fig. 
16.. For simplicity, tiie circumference ami fluid velocity 
will fee assumed constant, j . 

Consider, first, the i.^ase of zero slip, i.e., the fluid 
velocity U equal to the wave velocity U K , and consider 
a ring locat'd at a 'ero field paint as j-r.own. As the ring 
moves into die generator at position (a) it initially has 
no flux linking it, since all the iron is to the right But 
as the ring moves furtherinto the generator, for example, 
one-quarter of the way, as at position (b), the ring be- 
comes linked by i lie flux* from the down w a d half pole 


MAGNETIC FIELD 
STRENGTH, 8 




Fig. 16 . Changing flux linkages through a fluid ring 
traveling atwcivt speed in an annular generator. 
Shaded area represents the flux linking the ring 
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which has entered between the ring and the entrance 
(one pole of flux = <£*). When the ring reaches the mid- 
dle of the generator; position (c), it has become linked 
by one full pole of flux. As the ring proceeds further, 
an upward pole moves into the generator and provides 
a return path for some of the flux which had been link- 
ing the ring. At the three-quarter point, position (d), 
only a half pole of flux still links the ring, and as the ring 
reaches the exit, position (e), the flux linking the ring has 
returned to zero. " 

When other rings are followed through the generator 
it is found that the amount cf flux linking each ring 
depends on f he ring position relative, to the wave, but 
tb*»t the rate of change of flux for all rings at a given 
instant of time in the same. Thus a traveling-wave mag- 
netic field bounded by fixed ends induces circumferential 
currents in the fluid even at zero slip. It can be shown 
that die currents produced by tl Is effect, and the re- 
sulting ohmic heating losses, are gi eater than can be 
tolerated. Jn fact, the maximum efficiency attainable sub- 
ject to this effect, neglecting reaction fields due to the 
fluid current, is 17% , originally shown by Blake in Ref. 12. 

This result seems, at first glance, inconsistent with the 
relatively good efficiencies, as high as 45%, obtained 
with traveling-wave induction pumps which are con- 
structed like the fiat generator of Fig. 15. The explana- 
tion is that the side plates block any net circumferential 
currents. An AC voltage appears between the side plates 
instead, producing shunt end currents as in a DC gen- 
erator But for channel lengths greater thi n about four 
times the channel width, as has been the case with 
pumps, the shunt end losses are only about 20% or less, 
especially when further reduced by the customary 
'grading" of the magnetic field amplitude at the ends. 

The side-ph te remedy is probably not adequate for 
high-velocity liquid-metal generators, because the length 
is limited by friction to no more than twice the width, 
while the efficiencies needed would require, for a constant- 
amplitude wave, lengths greater than four times the width. 

Several treatments of the finite- length annular induc- 
tic\ 0 ” „ rator have been published. Pierson and Jackson 
(Refs. J3 and 14) solved the case of finite winding length 

nd i ‘finite iron length. This analysis, applied to two- 
k ole nerators suitable for a 300-kw system, showed 
efficiencies no higher than 20% \ Pcschki, Kelm, and 


1 Analysis made by E. S. Pierson and W. L\ Jackson of Massachusetts 
Institute of Technology . 


Engeln (Ref. 15) solved the semi-infinite case and showed 
efficiencies of 70 to 80%, without friction, at the condi- 
tions of interest; Ref. 15 does not present sufficient detail 
to permit locating the discrepancy relative to Refs. 13 
and 14, and the favorable results must be hell in ques- 
tion. Schwab ( Ref. 16 ) solved the problem closes: to the 
practical case, that of both finite-length winding and 
iron, but presented no efficiency results. Sudan (Ref. i7) 
analyzed the finite winding, infinite-iron case with results 
equivalent to Pierson V, and Jackson s and also showed the 
possibility of r winding distribution which would elim- 
inate the end effects. The latter is probably related to the 
eoinpf nsa : ng pole scheme discussed below. 

Although differences and discrepancies h ween the 
various p juiiMieu analyses, and scarcity cl performance 
calculations based on them, cloud the picture somewhat, 
it seems clear that the biisic finite-length AC generator 
lias unacceptable losses and must be modified. The mod- 
ification that seems most promising is to add 'compensat- 
ing poles" at each end of the generator, as illustrated in 
Fig. 17. These compensating poles, operate as follows: 

As the fluid ring considered in Fig. 16 enters the gen- 
erator, the sinusoidally excited compensating poles are 
synchronized to provide a downward half pole 4 flux 
linking the ring. At position (b) the compensating pole 
flux goes through zero, leaving the downward half of 
flux from the traveling wave linking th^ ring. As the ring 
reaches the halfway point, position (c •, the compensating 
poles provide an upward half pole of flux which cancels 
half of the traveling wave pole linking the ring, so that 
the net flux is still only half a pole. This process continues 
through positions (d) and (e), with. the compensating 
poles always adding or subtracting enough flux to hold 
the flux through the ring constant at half a pole. 

When other rings at diff rent positions relative to the 
traveling wave are followed through the generator, it Is 
found that the flux linkage is different for each ring, but 
remains constant throughout the traveling wave region. 
Thus, no current is induced at zero slip and ideal “in- 
finite length" conditions have been restored in the travel- 
ing wave region. 

The cost of this remedy is the additional friction and 
electrical losses ir the compensating pole regions, How- 
e v ;r, induced currents can be minimized by vanej or 
flow-splitting pins in these regions, and the capture slot 
and diffuser regions already present can be made the 
locations for the compensating pole field, requiring little 
or no additional duct friction. 
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MAGNETIC FIELD 
STRENGTH S 





Fig. #7. Constancy cf flux linkage through a fluid 
ring when compensating poles are added 


Let B be the RMS field and ) be the RMS cunw* den- 
sity at that position. The electrical retarding force on 
the ring is 

BJbcdr 

and the friction retarding force is 
pU-Cfcdx 

where p is the fluid density and C, is the skin -friction 
coefficient. At constant pressure the momentum equation 
is. therefore 

th dU — — (BJb -r pU~Ci)cdx ( 1 ) 

where m is the mass flow rate, 

m = P Ubc (2) 

The ohmic hearing power in the ring is 



(T 


where a is the electrical conductivity. 

The electric output power dP~ from the ring must 
equal the difference between the power extracted from 
the fluid, by electrical retarding force, and the ohmic 
heating loss. Thus, the energy equation is 

dP r = ( BJbU - rdx (.3; 

\ a / 

Substituting dx from Eq. ( 1 ) and employing Eq. (2) to 
eliminate (b). the increment of power output obtained 
for a jpvcn increment of velocity change is 


dU (4) 


The maximum possible generator output occurs when 
the expression in the brackets is maximized at each point 
by optimizing the current density through propci vari- 
ation of the slip. Differentiating the bracketed expression 
and equating to zero, the optimum current density is 


dP r -- - mU 


1 - 


*rBU 


l + 


p 2 (PCiC 

BJri: 


3. Limiting Performance of AC Generators , 

J or*. " 

With end effects removed from the traveling wave 
region, the limiting performance capability of AC gener- The variation of current density inquired by Eq. (5) is a 
ators can readily be determined. steady decrease from the inlet :o the exit 


ct/'C \ 


Bb 


F 


<rB 

pUC 


E-il 


(5) 


Referring to Fig. 14, consider the fluid ring of length 
dx at distance x from the inlet, tra\e!ing at velocity U. 


Substituting Eq. (5) into Eq. (4), integrating from 
U 3 to C/; to obtain the total power output, and dividing 
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by the fluid power input m(t T ir — Ui )/2. the generator efficiency is 



where S, is the magnetic force coefficient at the inlet defined by 


rrB'bi 


m 


Eq. (6) gives the maximum possible efficiency, considering friction and ohmic 
heating losses, attainable with a constant-pressure MHD generator operating at 
uniform field amplitude and constant fluid propeities. It applies to both AC and 
DC generators, with B referring to the RMS field in the AC case and the steady 
field in the DC case. 


Integrating Eq. ( 1 , between x “ 0 and r -- L, using the optimum current 
density from Eq. (5), the generator length is 



Fig. 8 presents efficiencies calculated from Eq. (6) as a function of magnetic 
force coefficient divided by skin-friction coefficient for generator velocity ratios 
U-/U u from 0.4 to 0.8, the range of practical interest. It is seen that the ratio 
S,/Cr must be at least 10 to provide the des.vci efficiencies of 60 % or more. 
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For a 300-kw(e) cesium-lithium MHD conversion sys- 
tem the approximate generator operating conditions are: 

m = 130 Ib/sec 
U t = 500 ft/sec 
:j = 300 ft/ see 
o = 27.2 ib/ft? (lithium) 
a = 2.0 X 10 4 mho/cm 
c = 27 in. (annular generator) 
c. — 9 in. (flat generator) 
b, = 0.05 in. (annular generator) 
b, = 0.15 in. (flat generator) 

C f = 0.(X)32 

For the annular generator at 10 kgauss RMS field, a 
value difficult bul probably possible to attain, the value 
of Si/Cj is 12, and the corresponding efficiency in Fig. 18 
is 0.63. With a two-dimensional separator and a flat gen- 
erator a threefold increase in S, is obtained, raising the 
efficiency to 0.76. 

As described in Ref. 11, it has been found possible to 
achieve a twofold reduction in skin-friction coefficient 
by injecting gas between the liquid and the wall. If this 



Fig. 18. Limiting efficiency of constant-pressuiu 
" iHD generators 


can be achieved in the flat generator with no sacrifice in 
field strength from the wider gap, then S,/C f can be 
increased to 72 and the efficiency raised to 0.83. 

Boundary injection of gas would not only reduce the 
slan-friction coefficient but also flatten the velocity profile 
which, if unchanged from the fully developed turbulent 
profile, would actually set a limit of about 80% on gen- 
erator efficiency, regardless of S,/C f . Inherent in the 
upper end of the curves in Fig. 18, therefore, is the re- 
quirement for at least partial detachment of the liquid 
from the channel walls. This technique, partially demon- 
strated in the tests reported in Ref. LI, appears essential 
for high efficiency. 

Fig. 19 shows how the generator efficiency varies with 
the length parameter LC f /b x . The efficiency is 1.0 at 
zero length, requiring infurte field, and decreases with 
increasing length (and decreasing field requirement) until 
the length is reached at which the required velocity 
reduction is achieved by friction alone, at zero field. 



0 *“ 0.2 0.4 *6 09 


LENGTH PARAMETER 

°l 

Fig. 19. Effect of length on limiting efficiency of 
constant-pressure MHD generators 
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Th~ lengths for the various 300-kw generators are also 
indicated. These vary from 2.2 to 5.6 in. The correspond- 
ing operating frequencies for a two-pole generator range 
from about 2000 to 700 cps. 

The efficiencies given by Figs. 15 and 19 include cnly 
friction and fluid ohmic healing losses. Losses due to 
boundary layer, compensating poles, windings, and iron 
core will reduce these efficiencies by 10 to 30 percentage 
points. Therefore, probably only the flat version of the 
3u0-kw generator, with wall injection, can be expect 
to achieve a net efficiency of 60% or more. 

4, Experimental AC Generator 

A flat AC generator is being fabricated for testing with 
NaK in the facility previously used for the DC gener- 
ator tests (Ref. 6). For simplicity, the generator will 
operate at constant velocity with power derived from 
pressure drop. The tests are intended to verify predicted 
efficiency and demonstrate stable operation and start-up 
with capacitor excitation. The dimensions and nominal 
operating conditions of the experimental AC generator 
are as follows: 


length of traveling- wave region L 


= 1.8 in. 

total length L t 


= 3.6 in. 

width c 


~1,6 in. 

channel gap b 


— 0.1 in. 

fluid velocity U 


= 250 ft/sec 

flow rate m 


-- 15.2 lb/sec 

wave velocity U ic 


= 190 ft/sec 

i. „ u- V w 
slips- 

to 


= 0.3 

frequency / 


= 1280 cps 

RMS field 3 


- 6400 gauss 

pressiue drop (traveling-wave 



region) A p 


= 210 psi 

input power (traveling-wave region) 

mAp 

p 

11 4 kw 

predicted power output ( traveling- 



wave region ) P r 


*- 4.9 kw 

efficiency ( traveling-wave region ) q 

4.9 

11.4 

= 0.43 


A constant-piessure generator of the same power in- 
put and mean velocity would have = 0.75 and 

Sj/Cf = 11. These conditions are indicated in Figs. 18 


and 19, showing that the 5-kw experimental generator 
operates near the conditions of interest for a 300-kw 
annular generator. 

The difference between the Fig. 18 efficiency of 0.59 
and the predicted net efficiency of 0.43 is due to the 
winding and core losses. The compensating poles are 
expected to consume an additional 0.44 kw of the output 
; ower and require 0.9 kw more input power due to addi- 
tional electrical retarding force, reducing the over-all 
efficiency to 0.36. If vane friction, possibly not required 
ir. a conversion system, is added, the efficiency is lowered 
to 0.32; it all the additional duct friction, certainly not 
required in a conversion system, is added, the final effi- 
ciency is 0.26. 

Comparing Fig. 18 with the predicted performance of 
the experimental generator, k is evident that AC gener- 
ators have potentially high efficiency, provided numerous 
parasitic losses can be minimized. Studies are in progress 
to determine the extent of the latter in a 300-kw gener- 
ator. Studies are also continuing on DC generators in 
the light of recent improvements in inverters (Ref. 18) 
which may permit operation at lower voltages than pre- 
viously thought possible. 

5. Cesium-Lithium Erosion Loop 

Work is continuing on the lithium pump acceptance 
test. Bakeout of the vacuum chamber at temperatures 
ranging rrom 400 to 800° F was accomplished. Thu Cb-lZr 
pump loop was installed in the chamber and all welds 
were field annealed at 2200° F for 1 hr with tantalum 
heaters. 

Wedge-shaped specimens, representing separator tips, 
have been mounted downstream of the impinging lithium 
jet orifices for preliminary erosion evaluation. The speci- 
mens include Cb iZr, thoriated tungsten, zirconium car- 
bide, tantalum carbide, and titanium carbide. Field 
welding of the stainless steel loop connections and load- 
ing system is now being conducted. 

A computer stress analysis has been completed for the 
final configuration of the 2000° F cesium-lithium erosion 
loop. All stresses are lower than the design value of cold- 
set stress (10,000 psi) and limiting creep stress under hot 
conditions (2000 pri). No design modifications appear 
necessary. Fabrication of the lines has been initiated, 
and they are being assembled on the final support frame 
of the loop. 
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6. Cycle Analysis 

All cesium-lithium two-phase nozzle cases have been 
computed for the temperature range x800 to 2200 °F, 
aiKi potassium-lithium computations are in progress. The 
single-component program has been completed, and 
computations are being made for potassium. No other 
working fluid > appear to offer advantages over these; for 
liquid MHD systems in this temperature range. 

Upon completion of the nozzle computations, the cycle 
efficiencies and radiator areas of b':th separator end con- 
denser cycles will be cornput 'd. The results wiii yield 
refinement of prediced conversion system performance, 
provide a consistent set of comparisons between the var- 
ious cycles that have been proposed, and establish the 
optimum operating conditions toward which to orient 
the experimental work. 

N65 32441 

D. Zero Gravity Feed System for 
Mercury Ion Engines 

T. D. Masek and D. J. Kerris V 

1 . Introduction 

The mercury bombardment ion engir.s has demon- 
strated a performance level sufficiently encouraging to 
warrant its fuither consideration for mission applica- 
tions. To make a valid evaluation, however, requires that 
this thrustor be operated in a configuration that &pproxi- 
mates the requirements of an actual spacecraft. This 
implies that the thrustor must be operated with a zero- 
gravity propellant feed system and an automatic-control 
system. Neither of the; e has been developed at this time. 
A number of feed-system studies have been made at 
various laboratories, but little usable hardware has 
evolved (Refs. 19-2/). 

In line with previous work on the mercury bombard- 
ment engine (Refs. 2S, 29), the Applications Study 
Group is investigating the problem of the zero-gravity 
mercury feed system. The present concept is based on 
an expanding-diaphragm- type expans io , system, which 
forces liquid mercury through a valve to a porous matrix 
vaporizer, a flowmeter, and a high-voltage isolator. The 
isolator permits the feed system to operate at spacecraft 
ground and reduces mounting and high-voltage isolation 
problems. A schematic diagram of th* system under 


^TRANSFER VALVE 



investigation is shown in Fig. 20. Fig, 21 is a conceptual 
design complete thrustor module using this feed system 
In the present study, attention is being concentrated on 
the tankage and expulsion system, the vaporizer and the 
isolator. In the following discussion these components 
will be treated individually. 

2. Feed System Concept 

The mercury ion engine requires a propellant fi°\v ra f e 
on the order of 10 * g/sec, regulated to a few percent. 
The method used here to accomplish thi , makes use of 
the sensitivity of the flowraie vaporizer temperature, 
temperature gradient and liquid mercury pressure. 

The pressure, temperature, and mass flowrate of vapor 
through a system of capillaries can be related by 

(hi P l\dP 128 id 1 dT 

\ m 1 kT P ) ~dx D^m Tdx 

where 

P — pressure, dyncs/cm- 
T = temperature, °K 
M ~ atomic mass, g 
m = mass flowrate, g/cnr-sec 
fx = viscosity, poise 
/ ~ capillary length, cm 
D = capillary diameter, era 
x ~ normalized distance along capillary 

This equation shows the relative effects of temperatu r e 
and pressure on mass flowrate through a sintered porous 
plug. A.vsumirg that the pressure at the inlet to the 
vaporizei is the equilibrium vapor pressure correspond- 
ing to the »nlet temperature, that the outlet pressure is 
negligible, and that the temperature distribution is given 
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Fig. 21. Mercury positive expulsion system 


by T — T„ (1 + ax), where TV, is the inlet temperature, 
and a is a constant, rri was calculated to. various values 
of T 0 , and a and if plotted in Fig. 22. Values of the other 
parameters are noted on the figure. The mass flowrate is 
more sensitive to changes in inlet temperature than to 
changes in the temperature gradient. At 350 °C the rate 
of change of flow due to a AT,, is 9.1 X 10 -5 g/sec-°C but 
the change due to a change in outlet temperature with 
the inlet temperature held constant is 7.9 X 10“" g/sec-°C. 
it seems likely that once the operating temperature range 
is chosen, T 0 will be used to control the flowrate, because 
of the higher sensitivity. Without an elaborate heating 
system, the temperature distribution of the vaporizer 
will also change slightly with changes in T<,. This distri- 
bution change should not affect the flowrate control. 

The liquid pressure will be an important factor if 
liquid enters the vaporizer. The flowrate is inversely 
proportional to the vapor path length but depends expo- 
nentially on the temperature of ’.he liquid-vapor interface, 
since this temperature determines the vapor pressure. 
Small changes in liquid pressure could move the position 
of the interface and could significantly affect the flow- 
rate if the vaporizer temperature is not uniform. 



Fig. 22. Mass flow rate as a function of vaporizer 
inlet temperature for various values of a 
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Surface tension forces require pressures on the order of 
10 psia in the liquid to force it into the vaporizer. The 
vaporizer could be more easily controlled it the liquid 
pressure were kept below the surface tension force limit, 

uiiu vaj^/ui iiHCiiaLt. wca iiianittUticd at the 

inlet to the vaporizer. Variations in the liquid nressure 
would then have little effect on th e mass flowrate. System 
operation with the liquid-vapor interface at the entrance 
and in the vaporizer is discussed in Section 6. 

The liquid mercury pressure was of some concern in 
the previous discussion because of the characteristics 
of the expulsion system being studied. The metal dia- 
phragms tested thus far expand in a nonuniform manner 
and experience a sudden expansion after about 10 % 
expulsion. The expansion causes a rapid pressure increase 
in f he mercury liquid. If the liquid is in the vaporizer 
(i.e., if the liquid pressure exceeds the surface tension 
pressure) a serious problem could occur, since liquid 
mercury could then be pushed completely through the 
vaporizer. This is due to the relatively low impedance 
of the vaporizer to liquid ficv r . Operation with the liquid 
at the vaporizer entrance would not be seriously affected 
by this transient, unless it exceeded the surface tension 
and mercury, was forced into the vaporizer. The effects 
of pressure transients on the system will be investigated 
in this study. 

The isolator being used is described in detail later 
and is the same type being used at the Lewis nesearch 
Center-. Isolators tested thus fur are laboratory models, 
and further work is required to design and build a more 
compact type. 

3. Positive Expulsion System 

In the present investigation, metal and elastomeric 
diaphragms are being evaluated. Each type shows pre .use 
for use in a spacecraft-type system but both ha^ a 
number of problems in construction and operation. 

a. Metal diaphragm system. The diaphragms being 
tested are 0.003-, 0.004- and 0.005-in. thick 300 series 
stainless steel. They are convoluted initially and are ex- 
panded with gas pressure to form a hemisphere. When 
placed back to back in a spherically shaped lank, expan- 
sion forces the propellant out of the tank. A typical 
unexpanded diaphragm is shown in Fig. 23. Fig, 24 shows 
a set of expanded diaphragms. The wrinkles seen result 
in a slight loss of expulsion efficiency. Expulsion test 


2 Private communication with P. D. Reader, Lewis Research Center. 



Fig. 23. Typical unexpanded diaphragm 


results are summarized in Table 2. The low efficiencies 
for the thinner diaphragms are the result of a poorly 
sized tank. That is, the expanded diaphragms did not 
fill the tank. 

Laboratory tests thus far have used a bolted tank 
which consists of two hemispherical sections and t, center 
flange. The flange is equipped with a knife edge which 
crush )s the diaphragms and provides a liquid nd gas 
seal. The bolted tank is shown in Fig 25. The laboratory 


Table 2. Metal diaphsuym zests 


Expellant 

Thickness of 
jfainltjs stool 
diaphragm, 
in. 

Effk.M -¥ i 

Maximum 
•xpulsion 
pressure, psig 

Wrote.- 

0.005 

' 

: 3,.6 





* J 5 

134.4 





>4.4 

133.4 





94.5 

90.5 




94.0 

98.5 

Cesiur' 



97.5 

1 10 





96 5 

110 





97,0 

125 





97.0 

125 




t 







J 92.3 

125 

Wt 


0.004 

i 88.7 

125 





y 9 1 ,5 

115 


r 

0.003 

j.91.2 

i 115 

i 





L 
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Fifj 25. Mercury positive expulsion took, bolted construction 


tank weighs about 5 lb when empty and is far too heavy are expected to provide a more uniform expulsion rate, 
for spacecraft application. An all-welded tank is shown due to their linear expansion with pressure, 
in Fig. 26 and weighs 0.47 lb. This is 8% of the filled 

tank weight and is near Sight v\ eight. Several rubber materials have, been given preliminary 

water tests to determine expulsion efficiency and pres- 
b. Rubber diaphragm system. A rubber diaphragm sure requirements. The materials test*, were neoprene, 
system is being studied because of the expulsion-rate butyl, SBR, FPU and Nevea rubber. A summary or the. 

control problem with metal diaphragms. The elastomers water tests performed to date is shown in Table 3 The 
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Fig. 26. Mercury positive expulsion fnnk, welded construction 


excelk nt efficiency of this type of diaphragm fc quite gas pressurization tank a„d a propellant tank are shown 

encouraging. These tests v ?re performed in the tank in Fig. 27. This system has not been tested at the 

shov/r in Fig. 25. present time. 


The u>e of the elastomeric diaphragms poses a serious 
problem ji tank weight, because of the neee sity to use 
a be feed construction. To get around this problem, 
filament-wound fiberglass tanks have been fabricated in 
whi.;h rubber diaphragms are integrally contained. These 
tauxs, which h\c approximately eight times the capacity 
of tbeyvveldod tank, v/eigh about 2 lb. A small fiberglass 

Table 3. Rubber diaphragm tests 


* •T z . 
~V- 


" o ,. ' •' ‘l 


E«f>.llon; • alophiaam 


Neoprene 

fcutyl 


expulsion 
pressure, psi 


Bunt at 5.00 
Burst at 10.0 


W. *- 




rig. 27. Fiberglass pressurization tank 
and propellant tank 
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4. Propellant Vapo her 

The vaporizer being studied as described in Section 2. 
is a sintered 316 stainless s f eel rod. 50% dense, welded 
in a stainless tube. A heater of nickel thermal coat is 
wiapped on the tube to provit' die desired temperature 
distribution. Thermocouples and a heat shield are then 
attached. A vaporizer \\:ih heat*.**, thermocouple.; and 
flanges is shown in Fig. 2S. The lei *th of r:is particular 
vaporizer is 6 in 



F;p. 28. Typical vaporizer with heate- coil 
and thermocouples 


Porous Tads of 30, 40, and 509c of theoretical density 
si ’ v less steel have beer, evaluated. The 30 and 40% 
materials Merc found ig be too porous for this system; 
liq^ sd could be forced through them by relatively low 
(< 3 psi) pressure, due to low surface-tension forces. 
\he 50% dense materials have performed best thus far; 
however, mere dense materials are being considered to 
provide better flowrate control characteristics. The con- 
trol of vapor flow as a function of vaporizer temperature 
and liquid pressure is currently being investigated. 

Vaporizer temperature versus heating power for a 
50% dense vaporizer is plotted in Fig. 29 for the hot end 
upstream and downstream. The difference between the 
curves is a result ot different heat- transfer rates. When 
operated with the cold end upstream, liquid had to be 
forced into the vaporizer to prov ide the desired flowrate. 
This provided a large path for heat conduction. W ith the 
hot end in the upstream position, liquid mercury did not 



enter the vaporizer, and the heat conduction path was 
considerably reduced. Typical steady- state temperature 
profiles are shown in Fiu; 30. 

Additional studies must be performed to determine 
the minimum vaporizer length and optimum temperature 
distribution for control purposes. However, it now ap- 
pears that the vapor flowrate is not extremely sensitive 
to temperature distribution and is primarily control!* i 
as expected by the temperature of the liquid-vcpor 
interface. 

5. Isolator 

The mercury bombardment ion engine )pera, at a 
high positive voltage in t ~der to accelerate and focus ar 
ion beam. Since it is convenient to have the feed system 
at spacecraft ground, three problems arise: ^1) a portion 
of the feed line must be a good Insulator and must with- 
stand temperatures high enough to prevent propellant 
condensation, (2) the pressure oi the mercury vapor in 
the isolator must be such that a high voltage breakdown 
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Fig. 30. Observed vaporizer temperature distribution 


will nol occur, and (3) the plasma in the engine must be 
bounded to restrict ion currents from flowing through 
the plasma to ground. 

The first problem is easily solved with a glass or 
ceramic tube. The tube can be heated to prevent con- 
densation, with the required temperature depending on 
tht pressure in the isolator, initially a glass tube approx- 
imately 1.5-in. ID w;\s chosen, based cn isolators used 
at Lewis Research Center. The pressure in the isolatoi 
was calculated to be about 10 ' to;r. At this pressuic, a 
temperature greater than ambient should prevent con- 
densation. In the experiments reported, the isolator heater 
w'as operated irr series with the rest of die feed-line, 
which, due to its smaller diameter (0.5 in.) u.id conse- 
quently higher average pressure, had to be maintained 
at a higher temperature to prevent mercury condensa- 
tion. The actual isolator temperature was 200°C. 

The second problem, that of a high voltage break- 
down, can bo investigated with the use of Paschen curse 
data (Ref. 30). Fig. 31 is a plot of breakdown voltage 
against Pd 9 where P is the pressure arid d is the spacing 
between electrodes (in this .ase, ends of the isolator). 
Using 10 3 toiT and 5 kv, an isolator of any convenient 
length is operable, since Pd will be to the left of the 
minimum on the curve for d less than 300 cm. A length 
of 10 in. w r as chosen initially; however, a much shorter 
length should work just as well. 





\ 

I 

o t! I : ; ! 

0! 2 4 6 iO Z 4 6 00 2 A 


Pd, Tort -cm 

Fig. 31. Breakdown voltage versus Pd 

Ihe las; problem is also easily solved with the use of 
a fine mesh screen placed in the isolator. Tests have indi- 
cated that the screen can be operated at engine potential 
«t left ‘"Healing.” The screen provides a boundary for 
the plasma and the sheath formed restricts the plasma 
from propagating upstream. A screen rolled into the 
form of a cone is being used for this purpose. The glass 
isolator with a heater and thermocouples are shown in 
Fig. 32. This isolator, usee ; r. the initial tests, broke near 
one of the metal seals. A l>oron nitride dement was then 
fabricated, which is shown in Fig. 33. The plasma 
boundary screen and details of the heater can also he 
seen in this figure. The BN* isolator i, 1. 25-in. ID. 

6. System Operation 

The system presently being tested is shown on the 
vacuum tank header in Fig. 34. Initial tc/ts Indicate that 
the system operates as expected. However, sufficient op- 
erational time has nut been logged to determine quanti- 
?ati\c information about the control functions required. 

The expulsion tank with metal diaphragms performed 
as expected, although some extraneous problems were 
introduced when operating the system on a daily rather 
than a continuous basis. The gas expulsion pressure was 
reduced at the end of each day to eliminate any possi- 
bility of pushing liquid through the vaporizer. This 
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Fig. 34. Mercury positive expulsion system 
mounted on tank header 


cycling caused a diaphragm to crack, and the first run 
had to be terminated. 

During this first run, the vaporizer was operated with 
the hot end upstream and with the liquid-vapor interface 
at the vaporizer inlet. The vaporizer temperature was 
found to control the flowrate quite adequate!) . Ihe liquid 
pressure had little effect, as one might expect from the 
discussion in Section 2. An automatic controller was used 
to maintain the desired temperature at the upstream end 
of the vaporizer. 

A second run is currently being made with new dia 
phragiris and with the vaporizer hot end downstream 
and liquid in the vaper zer in order to evaluate the prob- 
lems arising when the liq uid-vapor interface is inside the 
vaporizer. In this mode, the flowrate ha< been difficult 
to control with either temperature or pressure, due to 
their interaction. Conclusive data are not yet available 
on the operation of the system in this mode. 

The isolators (glass and boron nitride) operated prop- 
er. y to as high a voltage as needed — 4.5 kv. Breakdown 
did occur when the flowrate was excessive during several 
startups; however, steady-state operation was completely 
stable. 


Table 4. Engine and feed system operating conditions 


Engine 

Run 1 

Run 2 

Run 3 

Run 4 

Run 5 

Run 6 

V\ kv 

2.0 

2.0 

2.50 

2.5 

77 

2.7 

V~, kv 

3.0 

3.5 

30 

3.0 

Z „ 

3.0 

r, mo 

400 

460 

500 

522 

S50 

580 

r, mo 

3.3 

3.6 

3.8 

3.8 

4.5 

5.0 

Arc current, A 

10 

12.0 

13.5 

13.7 

14.0 

14.0 

Aic voltage, v 

35.0 

36.0 

36.0 

37.5 

o 

34.0 

Cathode power, w 

0 

0 

0 

0 

0 

0 

Magnet power, w 

32 

41 

38 

39.5 

29.5 

29.5 

Beair power, kw 

0.88 

0.91 

1.24 

1.30 

1.47 

1.55 

Total power, kw (including feed system) 

1.22 

1.44 

1 82 

1.91 

2.05 

2.12 

Feed System 















Vaporizer power, w 

4.9 

6.0 

6.0 

6.0 

5.7 

5.9 

Isolator heater, w 

28.0 

28.0 

28.0 

28.0 

23.0 

28.0 

Expulsion pressure, psia 

18.1 

20.1 

20.8 

19.9 

6.7 

4.5 

Liquid Hg pressure, psia 

3.3 

2.8 

2.7 

2.6 

5.8 

5.4 

Performance 







IJpowor, % 

65.0 

63.5 

68.4 

6B.0 

71.8 

73.0 

!*ji , sec 

4450 

4450 

4970 

4970 

5180 

5180 

Fower/thrust, kw/lb 

151 

155 

161 

162 

158 

155 

• Uncorrected for propellant utilization. j 
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The system operation in the first tests is presented in 
Table 4. The engine data is included for completeness, 
although the engine operation ha*, not been specifically 
described in this report. 

Several modifications a r e anticipated from the system 
performance to date. The vaporizer and isolator can 
apparently be made shorter, it least bv a factor of two. 
A vaporizer of 60% dense material is being planned to 
aid in controlling the fkwrate. The gas pressurization 


problem is being studied to make the liquid pressure 
control automatic as is necessaiy for spacecraft opera- 
tion. Tests wiii also continue on the rubber diaphragms 
to determine their applicability. 

From the results to date, the system being studied 
appears to be worth further investigation. With some 
modifications and additions, this system gives promise 
of becoming a re h able and controllable feed system for 
spacecraft application. 
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XV. Liquid Propulsion 
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% 

A. Advanced Liquid 
Propulsion Systems 

R. N. Porter , D. D. Evans, W. H. Tyler , 

W. F. MacGlashan, and O. F. Keller 

1. Introduction 

The Advanced Liquid Propulsion Systems (ALPS) pro- 
gram is investigating selected problems generated by 
spacecraft operational requirements for propulsion sys- 
tems capable of high inherent reliability, long-term 
storage in space, multiple start in free fall (zero-gravity), 
and engine throttling. The solutions proposed to satisfy 
these requirements have been incorporated into the 
ALPS system. 

Periodic reports in the SPS's (starting with SPS 37-8) 
describe the progress of work on the various parts of the 
ALPS system. Recent accomplishments are outlined be- 
low. These include an investigation of the reactions be- 
tween nitrogen tetroxide and hydrazine, firing tests of 
several ablative thrust # chambers, work on a method 
for locating pinholes in metal foils, high- and low- 
temperature tests of a tank and expulsion diaphragm 
assembly, and results of a metallographic examination 
of an aluminum propellant tank which has been sub- 
jected to a long-term storage test with hydrazine. 


2. Injector Development , o d Even, 

a. Introduction . The nitrogen tetroxide-hydrazine 
(No0 4 -N.jH,) propellant combination exhibits an ex- 
tremely rapid liquid-phase reaction rate. This factor 
requires the utilization of special techniques to accom- 
plish liquid phase mixing, since the rapid reaction tends 
to disrupt the mixing process with a resultant decrease 
in performance of some injectors. Previous attempts 
physically to increase the mixing of a doublet element 
were described in SPS 37-22, 24, and 28 , Vol. IV; and 
Ref. 1 contains the results of these and othgr related 
experiments. Since these physical methods were unsuc- 
cessful, it way decided to attempt to find a chemical 
inhibitor for the N-,0,~N L .H 4 reaction. Such an inhibitor 
presumably would allow mixing to he accomplished 
before sufficient energy could be released to disrupt the 
impingement process. SPS 37-29, Vol. IV described the 
results of an investigation into ignition delay inhibitors. 1 
To summ-irize, it was found that the ignition delay time 
could he varied over a range of 0.8 to 4.2 msec by the 
use of additives to the fuel, including such compounds as 
fluorooenzene and triethy Iborato (the value for the delay 
time without inhibitors was 2.6 msec). However, it was 
found that these inhibitors had little effect on the mixing 

’This work and tl.e work described herein was performed under 

contract to JPL by Dynamic Science Corp., Me *.ioviu, Calif 
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process when subjected to rt cket engine testing in t'c* 
200u-]b thrust standard test "ngine; experimental com- 
bustion efficiency remained unchanged from the case 
without additives. 

The decision was then made to pm sue this chemical 
approach further in three phases: Phase I being to deter- 
mine the temperature, and measuie tire heat evolved in 
the first step of the nitrogen tetroxide-hydrazine reaction 
through the use of differential thermal analysis tech- 
niques; Phase II being to examine the infrared spectrum 
of any solid phase thus formed in order to identify any 
intermediate species which may be present in the ieac- 
tion; and Phase III being to determine the effects of var- 
ious surface-active agents on the miscibility of N 2 0 4 and 
NjH 4 by photographing the dropwise addition of the oxi- 
dizer into the fuel. This report will summarize the results 
of the investigations performed in the three phases d^ 
scribed above. A comprehensive report is now under 
preparation and will be published in the near future. 


b. Differential thermal analysis. Differential thermal 
analysis (DTA) of the N i O,-N-.H 4 reaction system was 
made using the apparatus shown in Fig. 1. The reaction 
was inn in an all glass system in which the reactor and 
reference bulb were immersed in the same low- 
temperature nvironment. Hie temperature of the calo- 
rimeter was cviK’oMed by bubbling nitrogen gas through, 
liquid n: rogen anc Tien into the ca^oi .meter. An elec- 
trical heater on the in it/ tube allowed the cold nitrogen 
to be warmed at a uniform ^atc. The thin-walled reactor 
and reference bulb were plated with a plaiinum film 
and the thermocouples soldered the surface of the 
glass to insure intimate contact. In a typical experiment, 
measured quantities of reactants were condensed inf' 
the reactor with liquid nitrogen. The liquid nitrogen was 
removed from the Dewar and a flow of cold nitrogen gas 
was started immediately. The output voltage of the 
thermocouples on the reactor and differencial between 
the reactor and reference cell were measured on a poten- 
tiometer. The current on the heater winding was increased 
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slowly as required to obtain the desired increase in 
temperature. 

A number of DTA experiments were conducted. The 
results oi one of these experiments are given in Fig. 2. 
In the lowir plot the potentiometer reading, obtained 
from a differential thermocouple located on the sample 
bath and reference bulb, is recorded as a function of 
time. The data obtained are positive when the sample 
bulb is at a higher temperature than the reference bibb. 
The uppe. curve at. this figure shows the temperature 
of die reactor with time. This was obtained from a stand- 
ard thermocouple attached to the bulb containing the 
N 2 Q,-N 3 H 4 mixture. By alternating readings it was pos- 
sible to obtain both bulb temperature and differential 
temperature cur res during the same run. Note that the 
point of inflection ot the DT \ curve (labeled “A”) occurr.. d 
at. a temperature of — 58°C. The broad base on this 
curve and the small rise occurring on the trailing edge 
of the main peak are attributed to either a nonuniform 



reaction or to poor heat transfer to the thermocouple 
junction. Using the initial temperature rise as a measure 
of the energy released, a ' uuc of about 1 fccal is calcu- 
lated, if one assumes reaction of all the XTO, present in 
the reactor. This represents the minimum amount ot neat 
liberated from this reaction. No evidence of exothermic 
reaction was obtained at temperatures below — 58°C. 

c. Infrared techniques. Lanv-tem^erature infrared 
spectra were obtained in a specially constructed low- 
temperature infrared ceil. A liquid-aitrogen-cooled 
sodium chloride window was used to view the sample. 
Calibration* were accomplished with pure NTH, and 
NTO, in order to learn how much materia) was required 
to give a spectrum of optimum intensity. After initial 
calibrations were accomplished, infrared spectra of nitro- 
gen tetroxide-hydrazine mixtures were obtained at low 
temperatures. A total of about 150 spectra were taken 
in a series of experiments aimed at distinguishing the 
minimum reaction temperature and identifying inter- 
mediates and products ot the reaction. In the procedure 
used on these experiments, NTO* and NTH, were first 
condensed on the sodium chloride window at liquid 
niirugen temperature ( — 196°Ch and then were wanned 
slowly as spectra weie recorded in rapid succession. The 
first evidence of new species being formed was obtained 
during a test at — 133 to ~I24°C, when several new 
peaks were observed in the spectra. Further progressive 
changes were evident in spectra up to a temperature 
of — 43 P C. No further spectral changes were noticed at 
temperatures below room temperature, but tin over-all 
intensity of the spectrum decreas'd somewhat. 

In order to establish if toe reaction occurring at — 133 °C 
represented an adduct formation or a reaction, it was 
deemed advisable to measure and identify the volatile 
gases from the reaction. Cf the possible gase; that could 
be obtained, all but ammonia have vapor pressures suffi- 
ciently high to be pumpeo from the reaction system for 
analysis and measurement at the temperatures where 
reaction first occurs (- 133° C>. The high sensitivity of the 
infrared for ammonia insures th.g it woi Id be observed 
in the solid phase if it were present. In order to conduct 
a gas analysis the reaction was allow ed to proceed in a 
glass bulb to which a thermocouple had been attached. 
The N.0 4 and Nil, were condensed in a tube in layers 
at - 196° C. The bulb was then warmed slowly while 
gases were pumped continuously using a Toepler pump. 
Gases were pumped into an infraiod cell, where their 
volume was determined, and infrared spectra were ob- 
tained. The spectrum obtained corresponds to that of 
nitrous oxide (N.O). The gas from this cell was then 
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transferred directly into a mass spectrometer for analy- 
sis, and the presence of a substantial quantity of N.O in 
the product gas was confirmed by a large parent peak 
at mass 34. In addition, residual peaks at mass 30 and 2S 
indicated presence of NO and N_. ■ he major part of the 
was collected at a temperature above -110'C. 

More quantitative -wpei imeie.s were conducted in 
which the nonvolatile and volatile products at various 
temperatures were measured and identified. The results 
are shown in Table 1. This table shows the ouantities of 
gases given off at each temperature, and identifies each 
gas. The fcitnation of the large quantity of VO in the 
reaction at - -50 C C shows that the principal reaction 
occurred between ~126 and — 5G C C. It is of interest that 
the reactions occurring at temperatures above — 50 C C 
involve liberation of only trace amounts of additional 
gases. 

In one of the low temperature experiments, it was 
observed that crystals of a solid material had formed in 
the bulb. A melting point determination was conducted 
with the sample, and the material was melted in the 
range of 66.3 to 73.0° C. Of the possible products tnat 
could be formed in the reaction, only hydrazinium nitrate 
(mp. 71 °C) fits the observed melting points of the crystals. 
The presence of hydrazinium nitrate was subsequently 
confirmed by infrared analysis. 

From the accumulated infrared data it is concluded 
that the low leirqeiature reaction between VO, and 


Table 1. Gas evolution from the low temperature 
reaction of Nj0 4 -N^H 4 


r 

Temperature, 

C C 

Gas evolved, 
millimoles X 10‘ 5 

Species found 

Non- 

co^ensobl* 1 

Condensable' 1 

— 1 26 

0.13 


NO, N: 



10.3 

NO:, N:0 

-50 

0.52 


n 3 



30.5 

N’O, NO: 




+ unknown 

-30 

0.25 


N: 



0.27 

NO: 

+ 25 

0.02 


n 3 



0.16 

NO: 

Total gas evolved 

0.92 

41.2 

1 l 

"At - 196*C in lh* LN: trap. 


VH 4 forms an intermediate adduct, which in tun* reacts 
at about — 50'C to form an intermediate sweies capable 
of reverting to hydra/imum nitrate, nitrous oxide, and 
traces of nitric oxide and nitrogen. To balance an equa- 
tion in which N.O and lndra/in;um nitrate are formed 
from VO, and X.H, requires ammonia as another re- 
action product, viz. 

N.O, - 2 N il,-* N H NO N.O - Nil 

Curiou.dy. ammonia ha** never been ooserved as a prod- 
uct in any of the reactions An unidentified material 
having a vapor pressure of about 42.5 mm at — lll.S'C 
was observed, however. This material appeared on the 
gar « hromatogram after N.O (retention time. IS mine 

d. Miscibility ox yeriments. High-speed motion pictures 
were taken of the drepwise addition of N.O, to VH ; . 
with and without additives. The purpose of these experi- 
ments was to find a miscibility ag**nt for the two propel- 
lants. The technique of Weis'* and Xlusinann (Ref. 2] 
was used. The procedure invokes the use of a high-speed 
camera operating at 1000 to 5000 frames/sec to photo- 
graph the VO drop es it falls through a 1-in. column 
of hydrazine. The apparatus utilize* a condenser system 
of lenses for back-lighting the sample lube. The yellow 
color defined the VO. drop, which, is easily distinguished 
on color film. T! ii met. hod also provided a qualitative 
measure of the reactivity of the propellant. It is thought 
that either an increase in miscibility between the t-vo 
propellants, or a >;ub'*tm i LI decrease in the initial reaction 
rat*y might be beneficial m solving the problem of the 
rapid reaction disrupting the stream impingement and 
mixing process. Visual observation appeared to be the 
quickest method for study of this phenomenon. 

Initial tests were conducted with pure V0 4 being 
added to hydra/’ne containing 16% water. This propel- 
lant combination was chosen for testing because it had 
shown evidence of solving the stream disruption process 
in previous tesis at JPL (Ref. 1). These photographs did 
not indicate increased miscibility, but showed instead an 
apparent decrease in the rate of reaction between the 
two propellants. No evidence was obtained of increased 
miscibility between the two reactants for any of the addi- 
tives tried. However, apparent differences in reactivity 
were observed. 

Although only qualitative estimates uuld be made of 
the relative reaction rates, it appeared that four types of 
reactions were occurring. These are shown in Table 2. 
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Toble 2 Effect of additives or* N-O^-N-H, reaction 


Add'dre 
in N ; 0« 

Additive in hydrazine 1% by weights 

Type of 
reaction' 

1 None 

Nyne 

A 

None 

U% HjO 

S 

No,e 

16% H;C 

8% KOH 

■ 

None 

1 % Sonlomorj-j (Monsanto Chemicol Co.) 

c 

Non- 

1 % Alkoterge A ( *- cules Powder Co.) 

C 

None 

I % FC- 126 (Minnesota Mining and Mfg. Co.) 

c i 
| 

Nono 

Oronite Nl-O (California Chemical Cc.t 

c 

None 

Oronite Nl-W 

c* 

1 % U 

None 

_ * 

16% H,0 

1 % Omni?- Nl-O 

c 

1 % Is 

1 % Granite Nl-O 
1 16% H;0 
i 

D 

in^noM *n solubility. 

* Ignited. 

r Type A- Pop<J reaction whic « vaperizes at surface of contact jnt. erviet 

N;Os drop to be th.own out *ne chamber. 

Type 6 Similar to A, except that reaction 'ia« jppeor* slower. 

Type ■- Slow reaction 'iaie ond evidence of k-ore e*(«uive reaction between 
N^C , and hydrazine, resulting in v : olen? in'vracfion, 

Tyf.e t): Reoctanfs ere in contact; reaction : s mild wi»S relatively slaw "boil- 
ing" o i N-Os. 


All of the additives in the hydrar’ne appeared to de- 
crease the rate of initial reaction. The most dramatic 
change in reaction rate appeared when 1 % iodine was 
added to the Xj0 4 , and a mixture of 1 % Oronite NI-0 
and 16% water was added to the hydrazine. In this case 
two liquids actually remained in contact while reacting 
and did no* tend to blow apart as normally observed. 
Subsequent experiments with these same compounds 
revealed that the water content could be reduced to 2% 
and the sa ne slow -reaction effect could be obtained. 
The presence of iodine in the N/X^-NLH* system was 
predicted to decrease the reaction rate, since tlv* reaction 
was thought to proceed by a free-radical mechanism, 
and iodine is known to suppress this mechanism. Surpris- 
ingly, however, the ignition delay time with norma! NnH, 
was shortened when ttk- iodine was added to the N«0 4 , 
and in the choplet experiment very rapid reaction and 
ignition occurred. 

On the basis of the above results it was judged to be 
woithwhde to make rocket motor firings at the 2000-lb 
thrust lev.d, utilizing the same apparatus as used in 


previous e v periments. wher in the stream separation 
phenomenon had been observed (Ref. I). Tests were 
conducted with !% I_. in the N.O* and with 1% 
Oronite M-W and 1% Oronile XI-O in hydrazine 
containing 2% H r O. Only a slight effect (2% higher c*} 
was observed with the propellants containing additives, 
as compared to p r evious tests with neat propellants. This 
approach was not ; ursued further, since the performance 
gains were so s’.ght. 

e. Conclusions . The data obtained in the work reported 
here is consistent with the fact that nitrogen tetroxide- 
hydiazine impinging jets are subject to disruption by 
the rapid reaction occurring at th interface between the 
two propellants. The principal factors which cause this 
phenomenon are believed tv* be: (i) the rapid reaction 
rate between X^O, and N-H*. resulting in rapid heat 
evolution and the generation of a large gas volume, and 
(2) the immiscibility of the two reactants. 

Although these factors are closely related, it appears 
that miscibility is a major factor. Photographic studies 
showing the dropuise addition of XhCX, to indicate 
that the l vo materials are completely ii ^miscible. None 
of the pictures, with or without additives, gave any indi- 
cation of even partial miscibility of the two compounds. 
Additives to promote miscibility still cannot be ruled out 
as possible solutions to this problem. However, mixing 
processes are gent rally considered to be relatively slow, 
even with miscible materials, and even improved misci- 
bility may not overcome the rapid rate of reaction at the 
liquid-liquid interface. 

Ar reported above, ti?e reaction between nitrogen 
tetroxide and hydrazine can occur at a temperature as 
low as - 133° C. From measurem* nts of the gas evolved 
at this temperature, it appears that this initial reaction 
involves adduct formation between : X0 4 and X r d, The 
fact that no measurable heat is evolved in this initial 
reaction tends to support this view. A further reaction, 
involving heat evolution occurs at about -58°C. These 
reactions were carried out unde' conditions where the 
rate of temperatme rise could he carefully controlled. 
Thus heat generated by the reaction was quickly dissi- 
pated, and intermediates such as hydrazinium nitrate 
were capable of being isolated. Jndec actual conditions 
in an engine, these initial reactions would occur very 
rapidly. Not only would the initial reactions occur rapidly, 
but the heat evolved in these retetions would effectively 
increase the reaction temperature. On this hi sis, it is 
estimated that the reaction between hydrazine and mfro- 
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gen k*ti oxide would go to completion on contact Since 
t!ie stoichiometric reaction between these two propel- 
lants invoked tine mole of NX), plus two moles of N.H 4 
going to three moles of gaseous N_ plus four moles of 
X.O, while evolving ipproximately 2 kcaVmole. it is not 
surprising that the bulk of the liquid car, be diverted by 
relatively small surface interaction. 

It is difficult to concehe of a chemical approach which 
would solve this problem. It does not appear possible 
to prevent adduct formation or decomposition by the 
use of additives. It is possible that th<. rate of decompo- 
sition of intermediates such as hydrazinium nitrate could 
be altered chemically. The most promising method of 
imnrr\ mg rocket engine performance thus appears to be 
injector design. It is important that the surf ace-to- volume 
ratio is as large as possible, so that essentially all of the 
liquid is contacted, thus small diameter jets or sheet* 
of liquid appear optimum for this propellant system. 

These remits do appear applicable toward our under- 
standing of ignition phenomenon. The so-called ignition- 
spike problem may well be related to this set of reactions 
wherein explosive compounds such as hvdra/inium nitrate 
are formed on the interior wall of the rocket motor dur- 
ing the preignition period. Compounds such as these 
could then detonate when the temperature increases 
during the ignition process. This could well lead to the 
extreme pressure excursions which have been encoun- 
tered with propellant systems of this general clcss. 

3 . Thrust Chamber Development. . w.H.r r / e r 

The ALPS program has recently completed evaluation 
test firings of five 100-lb thrust ablative thrust chamber 
assemblies. These chambers were obtained from five dif- 
ferent industrial suppliers and were tested as a partial 
assessment of the current state of the art ii. th^ design 
and fabrication of ablative chambcis m a size range 
winds was compatible with an injector used in previous 
p-.roiyHc graphite tests. 

Each supplier was rc-.pnt, i.Ho for Ks own design, i.e.. 
determining the i .etc rials and hdnfiaHon techniques 
which would best satisfy the operating and design con- 
ditions specified. The only dimensions specified were 
those of the interior contour and chamber-to -injector 
attachment provisions. Unspecified dimensions were left 
to the discretion of the supplier. In addition, the total 
assembly weight \va* not to exceed h lb nor produce an 
outside wall temperature in excess oi KX)°F during the 
test firing. 


The evaluation firings were conducted at ambient pres- 
sure ard teinperaknc with the ALPS MOD IV injector. 
This injector has demon brak’d reproducible perform- 
ance and heat-flux distribution with N_0,-N_H* pro- 
pellants and has produced predictable erosion or both 
ablative and pyrolytic graphite thrust chamber throats 
(Refs. 3 and 4). The tests were run at a nominal nozzle 
stagnation (effective chamber pre. sure (P. t , .) of 150 psia 
and a propellant iniMnit ratio of 1.2 Tire character isPc 
velocity c*. averaged 55(H) ft/s*c. Flow rates were nearly 
constant, despite changes in nozzle throat area during 
the firings. Each chamber wa> fired uninterruptedly until 
either (D the chamber pressure dropped below 120 psia. 
(2 1 the outside wall temperature exceeded 400 "F. or to') 
an extraordinary change in axial or side thrust ot curred. 

A general description of each chamber, listed by manu- 
facturer. is presented below: 

(D Aerojet-General Corporation (AGO. One-piece 
ablative chamber; throat insulator and exit cone 
made of edge oriented high-silica tape and rubber 
modified phenyl-silane resirn SiC throat insert; 
glass filament overwrap, 

(2) AVCO Corporation (AYCO). Composite of silica- 
reinforced precharred epoxy Xovolac: light weight 
insulator of silica fibers, resin, and phenolic micro- 
balloons; SiC throat insert, encased in an alumi- 
num shell. 

(3) //. I. Thompson Fiber Glass Co. (HJTCO). Ablative 
chamber liner and throat, molded carbon -phenolic 
resin surrounded Ivy Refrasil-paper phenolic insu- 
lator; glass filament overwrap: no throat insert. 

(4) Magnesium Aerospace Products . Inc. (MAP). 
Molded one piece, including throat section inner 
liner of SiC-ZrC. binary film-coated carbon-particle 
reinforced phenolic ablative stiucture surrounded 
by insulating layers, titanium shell. 

\5) Thompson Ramo Wooldridge. Inc. (TRW). Inner 
chamber liner of oriented chromic oxide-coated 
silica-cloth reinforcement; molybdenum throat in- 
sert with a proprietary coating; insulating layers; 
outer stainless steel pressure shell. 

Preliminary results of the test firings are presented in 
Table 3. Fig. 3, a typical plot of a chamber pressure 
versus run time, explains the nomenclature used in 
Table 3. This plot is generally representative of all of 
the tests. The time to start of pressure decay and time 
to 120 psia is shown as 7\ and 7\ and is tabulated for 
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Table 3. ALPS ablative chamber data 


Manufacturer 

Initial steady- 
state chamber 

p*'° 

Mixture ratio 
W„/W , 

Time to start 
of P r decoy/ 
Tj, sec 

Time to Pc " 

1 20 piki," 

Tz, set 

Slope of 
P. decay, 
psi/sec 

Max ; mum tem- 
perature during 
test, °F 

Maximum tem- 
perature post run, 
°F 

AGC 

149 

1.24 

125 

154 

0.4 

30 

ot 1 54 sec 

475 

ot 450 sec 

AVCO 

150 

1.2 

300 

590 

0.1 

405 

ot 590 sec 

412 

at 61^ sec 

H" CO 

156 

1.2 

7 

23 k 

1.75 

67 

ot 23 sec 

250 

at 28 sec 

MAP 

163 

1.22 

11 

31 

1.45 

254 

at 57 sec 

571 

at 11 1 s,'c 

TRW 

MS 

1.18 

160 

L 

510 

0.09 

240 

at 51 0 sec 

340 

at 940 sec 

• R«f*r to Fip. 3 for explanation of thntt parameters. 
Attachment flange failed. 



Fig. 3. Typical plot of chamber pressure as a 
function of fest duration for ablative 
chamber rests 


all of die tests in Tablo 3. The outside wall temperatures 
were recorded from thermocouples bonded to the out- 
side of each chamber at several different locations. 

All five tests were terminated due to decrease in 
chamber pressure. For four of the tests, this decrease 
was either the result of throat erosion or gas leakage 
around the throat insert. In one case, the chamber-injector 
mounting flange attachment failed permitting the cham- 
ber to separate from the injector terminating the test. 


Although the test results shown in the table are not 
encouraging, it should be realized that the test conditions 
were quite severe for ablative-type chambers, since the 
chamber pressure was 150 pjia and no film or fuel-rich 
“barrier” cooling was used. 

A detailed examination and analysis of the chambers 
and the test results are in progress. These results will be 
published in a forthcoming formal report. 

4. Bladder Development, w.F.Macoiashan 

Laminates of Teflo.i and aluminum foil are being used 
in the construction of expulsion bladders. Since pinholes 
in the aluminum foil vould destroy the impermeability 
of the laminate, a m^ans of detecting these holes is 
necessary. 

A method for detecting pinholes in aluminum foil by 
using photographic printing paper is being developed. 
The method consists of directing a strong iight toward 
the sheet of aluminum foil which is backed by photo- 
graphic printing paper. The foil and paper are sepaiated 
by a piece of glass. The edges arc secured to exclude 
stray light and to hold the foil, paper, and glass securely 
together. The light is played in a grid pattern across the 
surface so that the rays passing through pinhol s strike 
the paper behind the foil. The glass separator permits 
the diverging rays to amplify the hole image on the 
paper. When developed, the location of pinholes is indi- 
cated by black spots on the paper. An apparent drav'- 
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ba';k of this method is that he holes must not be tortuous 
path? if light is to pass through. 

Tie investigation is continuing with the intent of: 
determining the minimum size and shape holes that can 
be photographically detected; the correlation, if any, 
bewvten the permeability of the foil and the apparent 
relative magnitudes of the holes indicated by the photo- 
giaphic usages; and the correlation between the abun- 
dance of ho'es and the foil thickness. 

5. Generanf Tank and Cell Development, o F.Keiiet 

All previously reported expulsion tests of the ALPS 
gent rant tank and diaphragm assembly were carried out 
at ambient temperature using distilled water as the test 
fluid ' SPS 37-22, 37-24, and 37-32, Vol. IV). Recently, 
expulsion tests have been made at temperatures ranging 
from 40 to 100° F. For high-temperature environmental 
testing, the water expulsion test facility was equipped 



Fig. 4. Wafer expulsion tests facility equipped for 
water exp jlslon testing at Sigh temperature 


v/ith a heater (visible on the right side in Fig. 4). A tele- 
vision camera (seen in the left foreground) was used for 
remote observation of the volumetric tank during en- 
vironmental and high-pressure expulsion testing. The 
titanium generant tank (partially visible behind the tele- 
vision camera) was mounted in a protective wood cradle. 

Three expulsion tests were made following 24-hr con- 
ditioning periods during which the final generant lank 
temperatures ranged from 92 to 10S°F; distilled water 
temperatures during these tests ranged from 96 to 110°F. 
One of the above tests was made with Uvo stops and 
restarts during the run An additional expulsion test was 
made following a 72-hr conditioning period during which 
the final genoant tank temperature w as 102° F: the final 
distilled water temperature, 105° F. One expulsion test 
was also made following a 24-hr conditioning period at 
approximately 40°F. In all cases the tank outlet was 
downward. 

Expulsion appeared to be normal in all of the above 
environmental tests. Prior to the low-temperature ex- 
pulsion test, however, an increase in pressure drop was 
noted in transferring the distilled water from the volu- 
metric tank to the titanium generant tank, possibly indi- 
cating a stiffening of the elastomeric diaphragm at the 
40 °F temperature level. Any increase in pressure re- 
quired for deforming the diaphragm ;.t 40° F was not 
noticeable during the low-temperature ( xpulsion test. 

6. Alofer/a/s Compatibility , « n. Sorter 

A long-term compatibility test of a flight-weight fuel 
tank fabricated of Type 2014 aluminum has been accom- 
plished. All instrumentation, the vent valve, and all fit- 
tings were of aluminum or stainless steel and all seals 
were Teflon, The tank was cleaned by first rinsing with 
trichloroethylene, then thoroughly washing with a com- 
mercial aviation-type detergent, rinsing with distilled 
water, pickling with an acid solution, washing agair. with 
a detergent rinsing with distilled water, and drying with 
nitrogen gas. The tank was placed in direct sunlight at 
Ec 3 v'ards Test Station. On July 27, I960, after being leak- 
tested to 25 psig with nitrogen gas, the tank was filled 
w ith approximately 2750 lb of hydrazine, which left about 
20% of the tank volume for ullage. The ullage was pres- 
surized to 5 psig with nitrogen gas. 

Tank pressure, liquid temperature, and ambient tem- 
perature were recorded three times each working day 
for the first seven months, once each working day for 
the next nineteen months, and after that no records were 
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kept. The recorded tank pressures K.nged frori C 'o +5 
psig as the recorded ambient temperature varied from 
-i 13 to ±116°F, and the recorded iiquid temperature 
varied from —27 to - f -100°F. It is not clear whether 
these pressure variations were due strictly to the temper- 
ature changes alone; the pressure gauge resolution was 
only ±0.5 psi, which could be the cause of some scatrir 
in the data. Further complications, such a* the possi- 
bility of leakage, decomposition of the hydiazine and 
dissolving of the decomposition products (nitrogen, hy- 
iogen and ammonia) into the hydras ;ne, make it diffi- 
cult to interpret the data. 

Hydrazine samples for analysis were withdrawn front 
the middle of the tank through a standpipe and from the 
bottom of the tank every two weeks for the first year, 
once each month for the following six months, and then 
once each six months for the remainder of the test. 
Although the first samples, taken on August 8, 1960, 
contained a very small amount of black residue analyzing 
high in aluminum, iron, and copper, the subsequent 
samples were clear, with no noticeable solid matter. The 
analvscs made during the first 3 yr indicated the liquid 
was 98.7 to ±0.5% hydrazine, using an analytical pro- 
cedure which has a resolution of about ±0.5% hydra- 
zine. A sample taken five months before the end of the 
test period was approximately 97.0% hydrazine, and at 
the end of the test the liquid contained approximately 
96.5% hydrazine, li ir assumed that the change reflects 
an increase in the amount of dissoivod ammonia; un- 
fortunately, the ammonia content was not analyzed. On 
May 6, 1964, the hydrazine was drained into carefully 
cleaned hydrazine storage drums. 

After being drained, the tank was purged with warm 
nitrogen to dry it out. Several weeks later it was flushed 
with a small amount of water and cut open for inspec- 
tion. Many areas of the internal surface appeared to be 
discolored; the colors of the splotches were randomly 


almost white, yellow gray, blue gray, and green gray. 
Samples were taker from locations typifying the different 
.surface conditions. 

Some of the samples were made into rne'rdlographie 
specimens. Examination showed that the degree of cor- 
rosion varied considerably from area to area and that the 
severest attack was limited to discrete spots rather than 
covering extensive areas. In no case did the pits exceed 
a depth ol 0.002 in. Although the exact corrosion mecha- 
nism was not determined, it was judged that the magni- 
tude ot the corrosion was minimal and not detrimental 
Io the t:»nk. Th^ discoloration was not indicative of the 
everity the corrosion, but corrosion was more preva- 
lent in the discolored areas than in the normally colored 
areas. The ;*ause of the discoloration was not determined. 

Other samp' s were subjected to tensile yield strength 
and tensile ultimate strength tests. The results indicated 
that the material cf the tank \\ is slightly less strong than 
the strength reported in the literature for new 2014-TS 
alumrinm alloy and stronger than reported for 20L*-T4. 
From these data pnd v he results of an extenrive haidness 
survey it was hypothesized that the iank was net in the 
T6 condition, as supposed, but racier was solution- 
treated and rhen allowed to age-hard~n at room temper- 
ature to the T4 condition. 

From this test, it was concluded that tanks of 2014-T4 
aluminum alloy are essentially unaffected by long-term 
(up to at least 3 yr) contact with anhydrous hydrazine, 
with temperatures varying between 30 and 100 °F. The 
evaluation of the effect of such a storage environment on 
hydrazine was in the final stages in this reporting period. 
Firing tests, ignition lag tests, analysis of the final com- 
position, and r \ysical properties measurements were 
being perforr i : "dth the hydrazire which was drained 
from the tarn. 
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XVI. Lunar and Planetary Instruments 


N 65~ 32443 


A. pH In strument Development 

J R.C/orit 

In most physiological monitoring or detection systems 
presently under development, the measurement of hydro- 
gen ion concentiation (pH) is required. The “Wolf Trap” 
effort at the University of Rochester monitors changes in 
pH of inoculated test cells as an aid in detecting bacterial 
growth. The MuMvator at Stanford University uses pH 
instrumentation for similar reasons. In the Biosatellite 
Project, the pH of primate urine is monitored to detect 
changes in the acid-base balance for a better under- 
standing of the prolonged weightlessness problem. It is 
also well-known that aqueous chemical reactions that 
might be used in an automated biological laboratory 
would proceed only under conditions of controlled pH. 
For these reasons, circuitry is being developed at JPL 
for the measurement of hydrogen ion concentration. 

?. Electrode System 

a , Glass electrode . Other than the inconvenient hydro 
gen electrode standard, the glass etatrode is primarily 


used for pH measurement In a simplified form, it con- 
sists of a thin glass bulb in which an electrode is im- 
mersed in a solution of constant pH. When the bulb is 
placed in the test solution, the potential at the glass- 
bu lb-test-solution interface is a direct function of the 
pH of the test solution. The change in potential due to a 
change in pH is given by 

A E 2.303RT 

IpTr ~ —f— ’ (1 > 

where 2.303 is the natural logarithm to common loga- 
rithm conversion factor, R is the universal gas constant 
T is the absolute temperature, and F is the Faraday. 
Representative values at four different temperatures are 


given below: 

T, °C 

AF/ApH, mv 

0 

54.19 

25 

59.15 

60 

66.10 

100 

74.03 
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; b. Measurement errors . When a reference electro*. , is 

placed in the test solution for electrical contact, the 
actual voltage measured between the glass and the refer- 
; ence electrode is the algebraic sum of several potentials 

developed at other glass-liquid interfaces. Most of these 
' are negligibly small or are constant with respect to 

* changing pH and temperature; thus, they can be ca 1 ;- 

l brated out of the system. 

‘5 The one characteristic of glav; ebctrodes which makes 

measurement of the pH potential difficult is the high 
glass-bulb resistance. This resistance is a function of the 
material and geometry of the glass bulb or membrane, 
as it i« sometimes called; e.g., tdc bulb resistance of 
Corning Glass Works Type 015 glass will vary from 
1000 MO at 10° C to 1 or 2 MO at 50°C, and Leeds & 
Northrup Co. Type 399 glass will vary from about 500 
to 1 Mo over the same temperature range. Therefore, 
die measuring circuitry must be such that this kind of 
source impedance contributes negligible error to the sig- 
nal output. Source resistances of this magnitude are also 
very sensitive to electrostatic pickup and electrode leak- 
age paths. This problem is minimized by completely 
sealed and internally shielded glass electrodes. The 
sealed construction eliminates the surface leakage paths. 

The glass electrode does exhibit measurement errors 
which depend on the pH and temperature of the test 
solution and the glass bulb material. Under conditions 
ot high temperature with high or low pH, ions other than 
hydrogen may ta^e part in the electrode process. The 
eiror voltaic of the Corning Glass Works Type 015 elec- 
trode is p in strong solutions of alkali hydroxides. 

This error ia penned alkaline error and can require a 
correction factor as high as 1 pH unit to be added to the 
indicated value. The sodium ion error is another im- 
portant error factor to consider when working with high 
pH values. The error potential is generated due to sodium 
ions present in the test solution and sodium dioxide in 
| the glass material of the bulb. In this pH region (pH >9), 

S; a correction factor is added to the indicated pH. For 

-i Corning Glass Works Type 015 glass, this factor is about. 

* ( j.'l pH c or an indicated pH of 10. However, Beckman 

A Imamments, Inc., Type E glass makes sodium ion errors 

almost negligible below a pH of 12 at 25°C. 

When investigating electrodes for space application, 
J steri ization must be considered. This does not appear 

to u ; a difficult problem, even if presently developed 
glass and reference electrodes are used. Standard labora- 
j tory electrodes have been subjected to repeated steril- 

g ization cycles with some slight change in pH. 


Beckman Instruments. Inc., has under development an 
electrode system which can operate in a zero gravita- 
tional field. 

2 . Amplifier Design 

a . Approczh. The approach to the measurement of 
hydrogen ion concentration uses shunl voltage feedback 
around an operational amplifier. This type of feedback 
allows the pH-measuring electrodes to work into a higher 
input impedance when the system is at null. The equiv- 
alent circuit in Fig, 1 is used to derive basic design 
relationships. The source resistance, R s , in series ' ith 
the voltage generator, e pH , is used a~ the equivalent 
cn euit for the measuring electrodes. 

It can be shown that the transfer relationship between 
e 0 and e pH is given by 

Co ^ ~Rz,(R 0 + ARj) 

e P n R 0 R s + R t R 0 + R l 4- R s R l + R, R L (1 4- \) 

(2) 

where R, is the electrode source resistance, R 0 is the 
output impedance of the amplifier, R L is the bad resist- 
ance, Hi is the input impedance of the open loop amplifier, 
and A is the amplifier gain. In order to arrive at design 
criteria for the parameters A and R„ R L is assumed to 
become arbitrarily large. Then, Eq. (2) can be written as 

£o -(Rp 4 AH:) 

e P H (R, + a,) 4- R, (1 T A) ■ 


V 
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The next viriid assumptions are that AH ; » K , and R, »R„. 
Then, Eq. (3) reduces i a 

„ 1 . . . 

e v „ R, , 1 -A ' 1 ’ 

, .\fi, .A 

Eq. (4) shows the addition of an error tern, which is 
dependent on A and Ri. T? is means that tin* -accuracy 
of the pH measurement will depend on the inequalities: 

R, > R,/A (5) 

A > 1 (6) 

b . Description. Tlie amplifier configuration is illus- 
trated in Fig. 2, which shows a mechanical chopper 
feeding a high-impedance field -effect transistor :4age. 
The output of this input stage drives a conventional AC 
amplifier. This particular mechanical chopper was cl osen 
because of the low offset voltage, low leakage paths, 
high insulation resistance, and low noise /characteristics. 
The chopper can and has been subjected to sterilization 
(145°C for 36 hr) with no noticeable 7 defects. It is real- 
ized that, from a reliability standpoint, solid-state com- 
ponents are much preferred over mechanical components. 
However, at the time of the /amplifier design, the solid- 
state chopper could not compare with the mechanical 
chopper. Ir addition to / (he reliability disadvantage, the 
chopper requires about 230-imv driving power. 

A synchronous/detector transforms the AC amplifier 
output to the prcper polarity DC, which provides the 
input signal for the output integrator. The reristance- 
capacitance of the integrator and the input flter is used 
to set response time and output noise level. 



A \\ ien bridge oscillator operating at 400 ops drives* 
a Class B push-pull amplifier from which chopper drive 
and synchronous detector reference signals are derived. 
The amplifier, power supply, and pH calibrating and 
iniicatii.g circuitry were assembled to piovide a com- 
plete pH-measuiin^ mstrument. The unit (Fig. 3) is now 
under e\aluation in the laboratory. 



Fig. 3. pH Instrument 


c. Performance. Table 1 shows how system offset volt- 
age varies with temperature T and R,. It can be F'vn that 
the system offset voltage la /easonauiy stable with T, but 
that some ;iirut must be . et on R, for a given measure- 
ment accuracy, if T is kn >wn, then larger values of R,« 
could perhaps be tolerated. 


Table 1. Variation of system offset voltage 
with T and R, 


T, C 

Offset voltage, mv 

*, = 10 s 

ft. = 10* 

R. ~ 10 to 

- 20 

1.2 

-3.5 

-12 

-5 

1.2 

-3.0 

11 

20 

1.^ 

-2.6 

-8 

O 

1.1 

- 

- 

65 

1.0 

-3.0 j 
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Fig. 2. pH Amplifier configuration 
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The AC gain was measured to determine the ampli- 
fier’s immunity to DC offsets at the input to the integrator 
foi various values of R.. This was r.eeomplished using 
the diagram shown in tig. 4. If A ai - is the gain of the 
AC amplifier times the chopper and demodulator effi- 
ciency. A i* is the integrator DC ‘gain, and e u is the 
disturbance or demodulator offset voltage, then 


where e represents incremental voltage changes. This 
ratio is given beluw for three different values of R,: 


R . 


10 s 

-200 

10* | 

-36 

iO 10 

j 



Fig. 4. AC Gain measurement diagram 


3. Conclusions 

This development effort has shown that pH measure- 
ment can be accomplished using all solid-state circuitry' 
and a mechanical chopper. In the future, attempts will 
be made to eliminate the mechanical chopper by using 
some of the more recently developed semiconductor 
devices. This will result in simplification of the circuitry 
and a substantial reduction in required power. 
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XVII. Space Instruments 


N65~52444 

A. Ultimate Sensitivity of 
Imaging Devices 

L. R. Mailing 

J. Space-Camera Sensitivity 

The function of a TV space camera is to relate an 
electrical current to a photometric function derived from 
the planetary surface. The relationship so establisned is 
valid until, with decreasing illumination, the signal is 
degraded with noise. The ultimate sensitivity is deter- 
mined by statistical quantum relationships. Frequently, 
the quantum noise is overshadowed by thermal noise, thus 
permitting ihe sensitive to be evaluated from purely 
thermal noise considerations. 

Because of the increasing diversity of space-camera 
technology, sensitivity comparisons must be made be- 
tween widely differing imaging concepts. These systems 
may be categorized into two broad areas: (1) photostor- 
age with beam-scanning readout, as represented by the 
vidicon and image-orthicon families; and (2) non-storage 
photocell readout with mechanical, electronic, or 
mechanico-electronic scanning, as represented by 
photographic- film scanning and the image dissector. 


Irrespective of the sensor employed, an optico-electronic 
conversion mus* be performed to translate the optical 
image into a signal current with time as the axis. Signal 
current is derived from electronic charges produced at 
the photosensitive surface by the impact of photons. 
Depending on the type of imaging device, either the 
photons release electrons in the form of an electrical cur- 
rent or the electrons are scored to produce a charge. In 
the lartcr :ase, the signal current is that produced by a 
discharge of the stored charge. The magnitude of the 
current in each case is determined by the number of 
photons/sec iir riving at the photosensor. The photon ar- 
rival is d function of die illumination, conventionally 
expressed in ft-c. 

2. The Candle 

Although the candle, as a measure of illumination 
intensity, has had an historic background in photometry, 
it cannot be considered a particularly appropriate stand- 
ard for space science. The candle has been defined as the 
luminous intensity of !4> cm* of a hlackbody radiator 
maintained at the temperature of solidification of plati- 
num, 2045° K, The extremely red-oriented nature of the 
emission is illustrated in the normalized curve of Fig. 1, 
which is derived from Wien s law. 
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From Wien’s law, the energy radiated within a band- 
width of 1 mfi is 

C A . -5 

Ek ^ca/Ar ergs/sec/cm 2 . 

Equivalent blackbody temperatures of interest to space 
science are those of the Earth, 6000°K; the Moon, 5500°K; 
Mars, 3000° K; and test illuminant A, 2848°K (SPS 37-28, 
Vol. IV, pp, 95-100). The energy radiated by a black- 
body at 555 mfi is plotted over a range of temperatures, 
2000 to 6000° K, in Fig. 2. The spectral distributions vary 
widely, but essentially equal-energy white occurs at 
5500°K. 



Fig. 2 . Energy radiated by a blackbody in the 
interval of 559.5 to 560.5 m/A 


3 . The Eye 

The sensitivity of the eye has a Caussian-type distribu- 
tion over the visual band as shown in Fig. 3, where the 
ordinate is the illumination observed at each wavelength 
in in fi intervals for constant power input. The area under 
the curve represents 1 lu of radiation over the visual 
band. For computational purposes, the bandwidth may 
be defined as 260 to/a, ranging from 430 to 690 m^u, beyond 
which the sensitivity drops to less than 1% An ideal 
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Fig. Brightness distribution to the eye for an equal- 
intensity white source radiating 14.1 jxw/m/x 

photosensor will have a response identical to that defined 
for the eye, or filters may be inserted to match the eye 
response. 

4 . Photon Energy 

The photon energy* from Einstein s law is e p ~ hv ergs, 
where h = Plancks universal constant ~ 6.63 X 10' 27 
ergs and v = frequency, cps. The photon energy is plotted 
in Fig. 4 over the visual band with wavelength, rather 



WAVELENGTH X, mp 

Fig. 4. Photon rtergy vs wavelength 


th Mi frequency, as the absciss:'.. For equal-energy white, 
an average value is e, 3 K 10' 52 ergs at 555 m/x or 
545 teracycles. 

The photosensor current will be determined by the 
product of its spectral response S A and the spectral dis- 
tribution £a of the source; i.e., the photo-electric current 

*p ~ fc 2!;^ ■ 

This has been estimated for three biaekbody tempera- 
tures of interest in Fig. 5, Note the progressive shift 
toward the red with decreasing teinj>erature. 



400 500 600 700 


WAVELENGTH X, m^x 

Fig. 5. E k $ k for different biaekbody temperatures 
(illuminance equalized at A = 555 m/x) 

A ft-c is defined as 1 lu of light flux distributed evenly 
over unit area at unit distance from a 1-c power source. 
JTie power required to produce 1 lu of brightness to 
the eye at each wavelength increment is shown in Fig. 6. 
An average value produced by integration is (Wa) MI! = 
3.67 mw/lu/m^t. If the source is equal-energy while, 
5500 °K, then the total energy radiated for 1 lu over the 
visible band is E U)t = 3.67 X 10 4 ergs/sec. To produce 
1 lu flux ever unit area, Wx — 14.1 p w must be radiated 
at each wavelength increment over the visual band. 
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temperature, the average power emitted is reduced to 
(Wa).»m: 0.95 times the nominal value at 555 mji. How- 

ever, in terms of the photo-electron population, this is 
compensated by a decrease in photon energy (Fig. 4) due 
to the shift of the major portion of the emission into l he 
red region. Accordingly, for Illuminant A, 


1.02 X 0.95 
n 0.90 


X 1.01 X 10 J " 


= 1.08 X 10 *' electrons/sec/ft-c, 

which is not coo different from the value of 1.02 X 10 1 ’* 
achieved for an equal-energy -white source. By similar 
reasoning, the photo-electron population for the equiva- 
lent blackbody temperature of the standard candle, 
2045 °K, is 


_ 1.02 X 1.35 
1.18 


X 1.14 X JO 1 ’ 5 


Fig. 6. Radiant power required for 1-lu intensity 


— 1.33 X 10"'' electro us/sec/ft-c. 


5. Oua«ifum Yield 

The quantum yield i« the number of photo-electrons 
produced by the incident photons. With an ideal 1:1 
relationship, i.e, v>ne electron e; jitec! for each photon, 
the number of photo-electrons produced foi an equal- 
energy-w hite source having an illumination intensity of 
1 ft-c is 


n = 



ri- l “ 102 X 10- electrons/sec. 
o.O X lu 


The electron charge e — 1.8 X 10 ' a coulombs, and, since 
i — dq/dt , 1 amp = 1 coulomb/sec -= 6.i4 X lO 1 *' 
electrons/sec. Thus, for a photocathode sir. race with a 
typical quantum efficiency i; = 10%, the photocurrent 

h> ~~ v n ^ ~ ^*1 g 24 X i0 is ^ /«A/lu- 


A value of 150 n A/lu is frequertiy as .mned. 


To verify the latter value, a second approach is made, 
starting with the definition of the standard candle. The 
candle has also been defined in terms of the luminous 
intensity achieved by a complete radiator operating at 
2045 C K for which 60 unit* of intensity/ cm- 1 is specified. 
The £t-L, a unit of illuminance equal to \/^ r e/ft-, is the 
luminance of a surface emitting l Ju/ft-. At 2045 °K, 
JE„ s = 2,4 X 10" ergs/sec from Fig. 2. Hence, for 1 lu 
radiated from the specified body, 

2 4 X 10 4 

E , r ,5 - lA gg ergs/sec = 12./ /*w. 


From the spectral distribution curve of Fig. 1, the aver- 
age pow'er radiated (Wa)^-* = 17.1 fi\v, distributed over 
a waveband (as indicated in Fig. 5) of 240 m^. Hence, the 
total power radiated W, nt = 17.1 X 240 = 4.1 mw for 1 lu 
emitted. For this value, the photon population 


4.1 X 10 { X 10 T 
3.4 X 10 ’- 


= 1.30 X 10 l,? photons/sec/ft-c. 


It should be recognized that, foi a photos! mage tube, 
the signal current cannot be estimated directly from the 
fxA/lu figure. With photostorage, it is effectively multi- 
plied by the ratio of the char.e and discharge times of 
the storage element as determined by the exposure and 
the beam-scanning velocity. 

If the equal-energy source is replaced by Illuminant A, 
the effective cnergv radiated over the visual band is 
modified. Integration 0 ! the curves of Fig. 5 indicates that 
the effective radiation from Illuminant A is 0.99 times 
that from the equal ‘energy source. Also, at the lowered 


or 1.30 X 10 1,: photo-electrons/sec/fl-c for unity quantum 
yield. As expected, this t» almost identical to the salue 
of 1.33 X 10 ,,; obtained by the first method. Estimates of 
photon concentration taken from several sources have 
been tabulated for comparison in Table 1. 

6. Ultimate Sensitivity 

The ultimate resolution of an imaging system is deter- 
mined from the sine- wave response and the noise-penver 
per unit bandwidth. For space photography, the mini- 
mum acceptable picture quality is taken as peak signal/ 
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Table 1. Estimates of photon concentration in 
1 ft-c of illuminance 


Method 

Subject 

Temperature, °K 

n, photons/ 
sec /ft-c X10" 

* 

Photon evaluation 

5 00 

1.02 

b 

Vidicon 

2870 / 

16.00 

a 

Photon evaluation 

2848 

1.08 


Vidicon 

2780 

1.22 

— * 

Photon evaluation 

2045 

1.33 

_4 

Photon evaluation 

2045 

1.30 

r 

Vidicon 

V 

2.00 

“Determined from the defined *en*itivily of T^Sfcey^e, lu/w. 

*Gebel, 8. K. H., *'Th*» Potantialitief of Elec front coil/ Scanned 

Photoconduvtion 

Image Detector* 5or >stronomical Uses," Advonc*** in Electron Physics XVI, Aco- 

domic P e». New York, 1962. 

r Menge, t, P., N oiss limited fteiolution of tow Light love/ Camera Tubs*, Dalmo- 

Victor Company, Belmont, California, Septembe' 16, 1963. 

''Determined from the definition of the standard candle 

‘Redington, R. W “Maximum Performance of High-Resiitivity Photoconductor*,' 

Journal of Applied Physics, Vol. 29, No. 2, February 1958. 
'O v «r 290- to i50G*mp band. 

‘'Not stated. 



rms uois<; 20 db or signal/noise (S/N) — 10. The peak 
signal to be considered is the signal derived from an 
elemental area of the photosensitive surface equal to one 
picture clement, aA. Non-storage and storage devices 
must be considered separately. For an evenly illuminated 
photosurface, the photo-electron population of the indi- 
vidual elements will certain minor perturbations. The 
variations may be due to either non-uniform arrival of 
photons or non-unifoim excitation of electrons. The phe- 
nomena are associated with the law of rare events in a 
large population and are described by a Poisson distribu- 
tion. In the Poisson distribution, the standard deviation is 
equal to the mean. 

Assuming sinusoidal spatial illuminance of maximum 
contrast and of frequency contained within the camera 
resolution capability and the system bandwidth B, the 
peak photocurrent i„ -- n, t e, where n a is the photo-electron 
}>opulation of a A A picture element produced by an ex- 
posure at the incident illumination and e is the electron 
charge. From Poisson's law, the rms noise current 
i~ n — 2 eipB. where i p is the average current and, hence, 
the expected deviation. Thus, for a non-storage device. 


S/N =- 


n a e _/ n, A* 

(2c/VBp \B) • 


are stored during a relatively long exposure time and 
discharged by the scanning beam in a much shorter inter- 
val t, where t is the time taken to scan one A A element. 
The signal current i„ - Q/t -- n n e/t; hence, for a storage 
target, S/N ~ {2n tl )‘ J The system is generally designed 
so that B — 1/2 1. 

Ultimate sensitivity of the slow-scan vidicon. The quan- 
tum efficiency of a photoconductor has been expressed as 
7) ^ r/ Tr , where r = lifetime of the photoel arge and 
t, = relaxation time = € t /(t. The permittivity e r and the 
conductance </ define the relaxation characteristics of the 
target or photosurface. Space TV cameras must operate 
with extremely long frame times because of communica- 
tion limitations. In addition, relative motion requires that 
the exposure time t exjJ be short compared to the frame 
time T{ ■ typically, t vxv T//100, As problems arise in ex- 
tending T r , there is a tendency for r-»r r , and the quan- 
tum efficiency is consequently high. This is quite unlike 
the case of the broadcast vidicon, where, to avoid shading 
problems, r r is made very much longer than the frame 
time so that < 1%. With the slow-scan vidicon, r r 
becomes sufficiently high, with a target resistivity of 
10 ]4 fl-cm -1 , that the photoconductor essentially behaves 
as an insulator. The result is that, at low illumination 
levels, the signal current is almost a linear function of 
brightness and, unL-ifi the case of the oroadcast vidicon, 
is relatively independent of targer voltage over the oper 
ating lange > c igs. 7 and 8). 



ILLUMINATION INTENSITY AT TARGET, I,, ft-c-sec 


For storage devices, there is an effective multiplication 
of the signal current. This is due to the fact that electrons 


Fig. 7. Transfer characterise $ of a slow-scan vidicon 
(B = 7 kc) 
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Fig. 8. Normalized signal current vs target potential 
for an illumination of 0.C5 ft-c-sec 


Typical characteristics and operating parameters were 
assumed for a General Electrodynamics Corp. slow-scan 
vidicon (Type 1351 B). In determining r, the measured 
signal decay was 0.5 over a period of sec, so that 
e- WT — 0.5 or r = 69 see. Determining r r , the dark cur- 
rent i if -- 1 nanoampere at E T = 10 v, from which the 
target resistivity R T ~ E 1 /u - 10 H * a. The surface area 
-•= 3.75 cm-, so that unit resistivity R - 3.75 X 10 1 " fi/em 2 . 
The capacitance C of the surface is estimated at 4500 
wd/ an-, hence, r, - RC = 3.75 X 10 10 X 4.5 X 10‘ 9 - 168 
see. The expected quantum efficiency is thus v — 69/168 
= 40%. 

With an illumination intensity at the target of l s = 0.01 
ft-c-sec arriving from Ilium inant A, 2848 °K, and an 
image area = 0.275 X 0.22 in.- scanned by 200 lines (line 
time ft ~ 14.4 msec), the element area A A - 1.5 X 10“*’' 
in.-, and the time to scan the element t n — 72 X 10* u sec. 
The photo -electron population for the element n a = 0.4 X 
1.06 X 10 v * X 1 X 10- - X 1.5 X 10- X 1/144 =--0.44 X 
10‘\ The stored charge = n^e = 0.70 X 10' 13 coulombs. 
Hence, 

h = = ° 7 2 y 10~ X 10 ” = 0-97 1,anoamperes - 

From Fig, 7, the measured ?, = 0.95 nanoamperes, which 
indicates substantial agreement in view of the many pos- 


sible perturbations in the value of L that aie difficult to 
include in estimates (e.g., light losses due f o reflection 
and absorption, and residual charges icmaining after 
scanning and non-ideal spectral response which raise or 
lower estimates oi L). 

Ignoring amplifier noise, the ultimate sensitivity for the 
storage vidicon is expressed by S/N (2/i (I )’ 3 — (0.74X lO") 1 J 
— 850. This is completely obscured bv the white noise of 
the amplifier for which (with operating values of B — ’ ke , 
R - 0.5 Mn, and T = 300°K) 

- _ 4 KTP _ 4 X 1.37 X 10- ,{ X 300 X 7000 
*'• B 0.5 X 10’' 

= 2.3 X 10 - -- amp. 

Therefore, i„ = 2.7 X 10“- nanoamperes, allowing for a 
measured 5-db noise figure. This makes the effective 
S/N - 0.9/(2.7 X 10‘ J ) - 33 db. The measured value at 
this illumination level svas S/A 7 30 db. As always expe- 
rienced with vidicon operation, the vvhite amplifier noise 
completely overshadows the quantum noise. Based on a 
permissible S/N ~ 20 db, the quantum noise alone would 
permit pictures to be resolved at an illumination level of 
0.0003 ft-c-sec, as opposed to the 0.003-ft-c-sec limitation 
determined by the amplifier performance. 

7. Summary 

9 he photon population for a given luminous intensity 
has been estimated by means of two separate concepts of 
the lumen. A useful approximation for space science is 
1 ft-c = 1.1 X 10 ,,; photons/sec. 

From the photon concentration on the picture element, 
the ultimate sensitivity may be expressed by quite simple 
equations: for non-storage devices as S/N — (n„/B)\ and 
for storage devices as S/N ~ (2m,,) 1 ' 3 . 

The quantum eh, hncy of the sb w-scan vidicon, 
rj ~ 40%, is seen to be much greater than is generally 
supposed and approaches that of the best photocondective 
cells. As with the broadcast vidicon, early experimental 
samples exhibited a sensitivity that later units could only 
marginally exceed because of the fundamental relationship 
if = r/r,, established by the camera system restraints. 
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XVIII. Space Instrument Systems 


N65 - 32**5 ' 

* 

A. Vibration Testing of a Tape 
Recorder Designed for Space- 
craft Data Storage 
Applications 

W. G. Clzment 

Vibration stressing of a miniature tape transport in- 
tended for data storage applications in spacecraft was 
recently completed. The unit tested was a Kinelogic 
Corp., “isoelastic” drive, roel-to-reel design (Fig. 1). This 
transpo-*: occupies a standard 6- X 6-in, module, weighs 
2.5 lb, and is intended for hard-mounting in the space- 
craft; a 468-ft tt.pe is driven at 15 in. /sec with less than 
3-w input to the drive motor. The unit was previously 
described in SPS 37-25, VoL IV, pp. 225, 226. ‘ 

ihe purposes of the tests were to reveal whatever 
mechanical weaknesses might exist in the transport and 
to indicate possible design improvements to be incor- 
porated into subsequent units. Determination of the 
degree of damage sustained by the mechanism during 
a particular vibration stress (except for visually obvious 
damage) was exceedingly difficult because of the very 
slight damage, if any at alb that occurred. Several new 
testing techniques for detecting performance degrada- 
tion were developed. 


7. Testing Procedures 

The following nine vibration stresses were imposed: 

(1) Mariner C (Mariner Mars 1964) type-approval level 
(16.4 g burst). Plane 2. 

(2) Mariner C type-appro\ al k\ el, Plane 1. 

(3) Mariner C type-approval level, Plane 3. 

9-g-rms sinesweep, ,0 to 2090 cps, Plane \ Reso- 
nances indicated at 713 cps (45 g), 1063 eps (76 g), 
and 2025 cps (106 g); dwell at each for 6 min. 

(5) 9-g-rms sinesweep, 40 to 2000 cps. Plane 3. 

(6) 9-g-rms sinesweep, 40 to 2000 cps, Plane 3. 

(7) 9-g-rms sinesweep, 40 to 2000 cps. Plane 1. Reso- 
nance indicated at 683 cps; dwell at 683 cps for 
30 min. 

(8; 9-g-rms sinesweep, 40 to 2000 cps, Plane 2. Reso- 
nance indicated at 760 cps (48 g); dwell at 760 cps 
for 30 min. 

(9) 9-g-rms sinesweep, 40 to 2000 cps. Plane 3. Reso- 
nance indicated at 726 cps; dwell al 726 cps for 
20 min. 


JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV 



Fig. 1 . Tape transport 


Each of six different tests was performed initially and 
after each vibration stress imposed on the tape transport. 
These tests are discussed below: 

Test J. The minimum start voltage for a 15-in.Aec tape 
speed was measured in each direction of tape travel. 

Test 2. The maximum breakaway torque at the capstan 
was measured in each direction with a torque watch. 

Test 3. Mechanic al vibraticr of the transport while 
running was measured with a General Radio Co. Type 
1553A vibration meter. A measurement was made for each 
direction of tape travel at 3.75- and 15-in./sec tape 
speeds. A range of readings was recorded aftei 2-min 
observations in each mode of operation. The transport 
was placed in a styrofoam mounting block during the 
measurements to avoid resonant amplifications from out- 
side structures. 

Test 4 . Tape motion jitter (instantaneous speed varia- 
tion) was measured at 15 and 3.75 in./sec in each direction 
of tape travel. For the 15-m./see measurement, a 10-kc 
square wr*ve was recorded on the tape. This signal was 
played back tb-ough a level detector and displayed on 
an oscilloscope, and the h ding edge of the recons trusted 
square wave was photogixphed. A 1-min exposure w:i.s 


made to include many cvoles of the played-back signal 
and. hence, the maximum motion variation occurring. 
For the 3.75-in./sec measurement, a 1-kc square wave 
was recorded, and the played-back signal was handled in 
a similar fashion. Fig. 2 shows two typical leading-edge 
photogiaphs. 

Test 5. Start and stop times in each direction at each 
speed were measured by observing the time-amplitude 
characteristic of the signals recorded on the tape. Typical 
15-ir../<:ec start and stop characteristics are shown in Fig. 3. 

Test6. Cogging of the motor (SPS 37-26. Vol. IV, pp. 136, 
137). as reflected in a cy clic speed variation of the tape, 
was measured by observing the corresponding cyclic 
variation of the played-back signal amplitude. Measure- 
ments were made at the low speed (3.75 in./sec) only, 
since cogging is piedominantly a low-speed (low-drive- 
frequency) phenomenon. The motor cogging effect may 
be seen in Fig. i. 


(o) 2.C% PEAK-TO-PEAK JITTER AT 15 in./ sec 



(b) 3.8% PEAK-TO-PEAK JITTER AT 15 in./sec 



TIME 

‘Fig. l T ypical jitter oscillograms 


AMPLITUDE *♦ AMPLITUDE * AMPLITUDE 
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(o) 1 5- in./sec START CHARACTERISTIC 
(400-msec START TIME) 



(b) 15-in./ iec STOP CHARACTERISTIC 
(1100-msec STOP TIME) 



2 . Results 

An effort was made to display the test results in a 
mannei which would indicate progressive damage, or the 
lack thereof, to the transport mechanism. Data plots are 
shown in Figs. 5 through 11, where the progression of the 
tests through the nine vibration stresses is indicated along 
the horizontal axis bv t„ through It may be noted in 
Fig. 5 that the minimum voltage to start the tape moving 
at 15 in./sec showed an increasing trend ui first and then 
remained almost constant throughout the subsequent 
cycles of vibration stress. Breakaway torque values shown 
in Fig. 6 followed approximately the same trend, as 
expected. The trend of torque values is less definite than 
that of starting voltage values and probably indicates that 
the latter is a more sensitive indicator of degradation of the 
transport mechanism. 

It is difficult to discern any significant trend in the 
vibration characteristics depicted in Fig. 7. Levels of vibra- 
tion and audible noise are typically high for rotating 
assemblies utilizing preloaded ball-bearings. Elt-ven such 
assemblies are contained in (he test transport, and the 
noise and vibration levels may have been sufficiently high 



time 

Fig. 3. Typical start and stop 
characteristics 



F!g. 4. Motor cogging offoct at 3.75-in./sec tape speed 
MOO-cps motor excitation frequency) 
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Fig. 5. Test 1, start voltage 
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initially to mask any degradation effects produced by 
the vibiation stress. 




'o f \ f Z '3 U f 5 f B h f 9 % 


Fig. 6. Test 2, breakaway torque 


Tape motion jitter would normally be expected to 
increase with increased bearing damage. As may be seen 
in Fig. 8. low speed jitter did show an increasing trend 
and possibly indicates a slight degree of bearing damage. 
The trend is less discernible for high-speed jitter, and 
one might conclude that the inertia of the various rotating 
assemblies was sufficient to mask the slight increase in 
jitter discernible at the krv speed, where rotational inertia 
effects were much less significant. 

Start and stop times are generally considered fairly 
sensitive indications of increased (or dec; eased) friction 
in a mechanism, and it is probably significant that, in these 
tests, no appreciable changes were observed (Figs. 9 and 
10). While the start time showed a slight decrease, indi- 
cating a reduction of friction with vibration stress, a 
corresponding increase in stop time was not indicated. 
Moreover, the results of Test 1 (Fig. 5) indicate, if any- 
thing, an increase in friction 

r xnv -speed cogging characteristics are shown in Fig. 11. 
It appears safe to conclude that no trend is indicated by 
the data taken. The method of measurement does not 
seem to be a particularly sensitive one; furthermore, 
the validity of the assumption that there is any correlation 
betwet 11 bearing damage and low-speed cogging is 
questionable. 
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3. Conclusions 

The particular recorder mechanism tested did not 
exhibit significant performance degradation as a result of 
the standard JPL Mariner C type-approval vibration stress 
levels. Although structural resonances existed for excita- 
tion frequencies between 40 and 2000 cps, 30-min “dwells'' 
at these frequencies did not significantly degrade the 
mechanism. 


The merit of designing such mechanisms with low-mass 
bearing-supported elements is implicit. Minimum start- 
voltage and sf'*rt- and stop-time measurements were 
probably the most sensitive mechanical performance 
degradation criteria used in this test program and should 
be considered for use in future tests of this nature. 

65 - 3244 $ 


B. A Device for Measuring the 
Static Friction (Stiction) 
Between AAagnetic Tape 
and Heads 

VV\ G. Clement 

During tests on the rocket-radar recorder in late- 1963, 
the following problem was uncovered: When the re- 
corder remained in a dormant condition at an elevated 


temperature, the tape tended to adhere to the heads, thus 
jeopardizing the recorder's startup capability 1 . This 
sticking tendency would sometimes manifest itself after 
only a few hours of dormancy at near-ambient tempera- 
tures. Photomicrographs of both head and tape after one 
such test revealed that the sticking had occurred only 
between the tape and the brass “bracket" region of the 
head, and not at all in the magnetic (nickel -iron) region. 
This observation added emphasis to the desirability of 
obtaining a more suitable head-bracket material 2 . There- 
fore, a program was initiated at the Applied Magnetics 
Corporation for the evaluation of various materials with 
regard to static friction characteristics, as well as char- 
acteristics relating to thermal coefficient and weai. 

As a result of further recorder-dormancy tests and the 
subsequent study of the heads and tapes, the folk wing 
hypothesi* was advanced: Under the influence of ele- 
vated temperature^ and In the presence of oxygen (air), 
certain o ganic compounds present in the tape's binder 
system tend to break down into lower molecular weight 
species which are “tacky.” The brass portion of the head 
may also be a factor in this process, since copper and 
copper alloys react readily with certain halogenated 
compounds, often found in tape dispersions, to cause cor- 
rosion and material breakdown. Such reactions result in 
the adherence phenomenon observed. 

On the basis of this hypothesis, it was concluded that 
three steps could be taken to minimize the problem: 

(1) Since oxygen and oxidation are not factors in space, 
they should be eliminated from the tests. 

(2) Tape should be preconditioned (cured) by heat 
and vacuum to drive off the residual volatiles 
which, if allowed tc remain, could react with the 
head-bracket material. 

(3) Consideration should be given to selecting a head* 
bracket material having a minimum tendency to 
react with the tape compounds. 

Work was started at the Kineiogic Corporation to de- 
termine a suitable tape conditioning schedule, and tests 
were initiated to determine the effect of a dry- nitrogen 

'Concurrent with the discovery of this problem at JPL, reports were 
received from industry indicating concern by other project groups 
about the same phenomenon ( Ref. 1). 

“Some of the previously known deficiencies of brass brackets were 
poor wear characteristics and an incompatible thermal coefficient. 
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atmosphere on the sticking phenomenon. The work pre- 
viously initiated to find a more suitable head-bracket 
material continued. 

Prior to this time, most of the tests were made with 
Memorex Corp Type 62L and Minnesota Mining & Mf;r. 
Co. (3M) Type 991 tapes. At this time, however, 3M 
Type 951 tape in U-in width became available. Its char- 
acteristics. especially short wavelength response and 
physical durability, seemed particularly appropriate for 
spacecraft applications; thus, from this point on, 
stiction tests and curing efforts were performed with this 
tape. Stiction tests revealed that this new tape tended to 
adhere to the heads somewhat less tenaciously than 
either the 32L or 991 tapes; however, the problem re- 
mained essentially the same. 

Efforts to cure 951 tape by continuously cycling it back 
and forth on a recorder in a vacuum (about IQ"" torr) at 
temperatures up to 80° C met with moderate success 
after it was discovered ! ;hat the elements of sliding fric- 



Fig. 12. First test fixture for measuring static 
friction between heads and tape 


tion, especially heads, had to be eliminated from the tape 
path during this piocess. Cured tape was successfully 
transported in a sealed rocket radar recorder after a 
dormancy period of 32 da vs at 55 °C and again alter 8 
days at 65° C. Testing of this particular specimen of tape 
was then discontinued, since the recorder was needed 
for the high -altitude rocket-radar project at JPL. 

In evaluating various head-bracket materials at Applied 
Magnetics, it was initially assumed that the characteristics 
of a given tape would be uniform and that staiic-friction 
measurements after a 4-lir soak at an elevated tempera- 
ture would provide a valid basis for comparison of 
bracket materials. Tests were conducted using the test 
fixture shown in Fig. 12. The resulting data exhibited 
poor repeatability. The frictional characteristics of a 
given specimen of tape appeared to vary not only fron 
reel-to-reel, but also within a reel between two points 
no more than 1 in. apart. This lack of tactile uniformity 
in the tape was felt to he attributable to inadequate 
processing and served to support the premise that a more 
thorough cure of the tape was required. In any case, it 
seemed obvious th?t, before valid head- material evalua- 
tion could proceed, tape characteristics would have to 
be better controlled and/or defined. Accordingly, efforts 
at Applied Magnetics to evaluate the frictional aspects 
of head materials were diverted to a study of the tape 
problems. Two projects were initiated: (1) the design and 
construction of a static-friction test device which would 
embody more adequate control of environment* 1 and 
measurement, and (2) a study to obtain quantitative in- 
formation on a suitable tape curing process. 

Experiments were conducted to establish the amount 
of outgassing of a tape specimen undergoing vacuum 
and temperature treatment as a possible criterion for 
determ'u ng adequate cure and presur .mly, therefore, 
uniform frictional characteristics. Weight loss nieasure- 
inints were also made in an effort to establish an alter- 
nate critcr on. Some data on outgassing raie versus time 
of cure were obtained. Short-term dormancy tests were 
conduct (» which established that a curing process sig- 
nificantly reduced the static friction. However, at this time, 
the 3M Company announced the removal of 951 tape 
from the market due to problems of manufacturing con- 
trol. All werk at JPL on 951 tape was therefore imme- 
diately discontinued. However, the design and 
construction of a more suitable friction tester continued. 
This device and some of the test results obtained are 
described herein. 


*It was felt that, among other factors, humidity variations had affected 
the results of previous tests. 


188 


JPL SPACE PROGRAMS SUMMARY NO, 37-33, VOL. IV 


1 . Description of Test Device 

Friction testers for magnetic tape have been con- 
structed and used to obtain valid test data (Ref"’. 2-5). 
Such devices generally embody a tape transport with 
suitable modifications Isualiy, the primary interest h in 
running friction. However, with static friction us a pri- 
mary considi ration, iv was felt that the frictional char- 
acteristics of bearings, motors, dutches, brakes etc., 
typically embodied in such tape transports introduce 
unknown and variable contributions into the test results, 
especially under conditions of heat soak, and that a new 
device should be designed and constructed which would 
not only be reasonably free of such spurious contr buttons, 
but would also be a simpler and more appropriate device. 

The test* rig is shown in Fig. 13. The test head is 
mounted on a cantilever spring, to which strain gages 
are attached for measuring the flexure. A thermocouple 
is embedded in the head for temperature nonitor.ng 



Fig. 13. Final static-friction test rig 


and control. The tape to be tested is secured at the 
upper end to a solenoid and at the lower end tr a weight. 
In this way, constant tape tension is maintained. The 
operation of the adenoid which pulls the tape over the 
head is controlled by means of a motor-driven rheostat. 
The entire test device, including a suitably controlled 
heater, is placed in a bell jar. and tests are performed in 
a nitrogen atmosphere. The steps followed in performing 
a test are as follow!,: 

(1) A test head is installed at the tip of the cantilever 
and is then carefully cleaned to remove any con- 
taminants, including body fluids from handling. 

(2) A length of the test tape is damped in place at 
both ends and carefully cleaned. 

(3) The bell jar is placed over the assembly, and the 
enclosure is purged and back-filled with dry nitro- 
gen. A slight negative difleiential pressure is 
maintained in order to keep the bell jar sealed. 

(4) Friction between the head and tape is measured 
by energizing the solenoid motor and then record- 
ing on a chart recorder the deflection of the 
cantilever. 

(5) The heat is turned on and maintained for the 
desired soak period. 

(6) At the end of th^ soak period, the heat is turned 
off; when the head temperature has dropped to 
ambient room temperature, the friction measure- 
ment, Step (4i, is repeated. 

2 . Test Results 

Some of the more interesting test data obtained to 
dace are given in Table 1, which indicates the apparent 
desirabil f v of monel and/or brass for head-bracket ' 
material, as opposed to inconel, manganese-bronze, 
aluminum-bronze, or 310 stainless steel, and the merit 
of CJEC/EK tape*, as compared with three other types 
(two other brands). 

3 . Conclusions 

A suitable test rig for detennit Sng the static friction 
characteristics of various tapes and head material has 
been developed. With some tefin emenrs in procedure, it 
is anticipated that measure ments will be repeatable with- 
in 20%. Use of this test rig is continuing in an effort to 
determine the effects on static friction of soak time, soak 


'CEC/EK tape an Eastman Kodak Co. tape marketed by die Cc. 
so lid a tod Electrodynamics Carp. 
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Table 1. Section test results for various h?ad-bracket materials and tape sampio$ a 


Item 

Preheat stiction, g, for 
indicated test 

Postheat stiction, g, for 
indicated tent 

Increase, % 

1 

2 

3 

4 

1 

2 

3 

rr 

1 

2 

3 

4 

Average 

Head-brocket materials 6 














KR Monel 

70 

75 

60 

85 

100 

100 

160 

155 

43 

33 

167 

83 

82 

Inconel 

55 

55 

45 

50 

270 

175 

no 

130 

390 

220 

145 

160 

229 

Manganeie-bronze 

60 

50 

50 

40 

240 

210 

235 

205 

300 

320 

370 

410 

350 

310 Stainless stee.* 

60 

40 

40 

45 

200 

80 

90 

no 

230 

(00 

12o 

140 

149 

Abminum-bronre 

60 

40 

40 

45 

210 

190 

290 

240 

250 

375 

630 

430 

421 

Brass 

no 

95 

95 

90 

165 

135 

UO 

120 

50 

42 

47 

33 

43 

Ta*>e samples' 1 2 3 4 














CEC/HtC 

50 

50 

45 

50 

85 

90 

90 

e: 

70 

80 

100 

60 

78 

3M 991 

70 

75 

60 

85 

no 

100 

160 

155 

43 

3? 

167 

83 

82 

3M 951* 

65 

80 

85 

85 

300 

190 

255 

740 

no 

137 

200 

182 

182 

Memorex 621 

65 

80 

50 

a 

«o 

14C 

,65 

U5 

195 

115 

106 

170 ' 

225 

154 

'Soak tine: 10 hr; soak temperature- 75°C. 
'’Tested against 3M 991 tape. 

‘Tested against KR'monel. 

‘'From manufacturer's defective lot. 


temperature, tape tension, tape pretreatment, and tape 
wrap-angle. 

It is interesting to consider the possible validity of 
stiction testing as a criterion for determining a tapes 
wear resistance quality. Nesh and Brown (Ref. 6) have 
conjectured that a greater degree of cross-linking in the 


polymer chain of a given tape sample may provide 
greater wear resistance. Their approach to a determina- 
tion of this degree of cross-linking and, hence, wear- 
ability is a measurement of the tapes solvent resistance. 
Jt would appear that a static-friction test after an appro- 
priate heat soak may also yield a measure of the degree 
of cross-linking in the- polymer structure. 
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A. Further Antenna Pattern Meas- 
urements in the 13-mm Microwave 
Be nd on the Goldstone Space 
Communications Station 
30-ft Antenna 

M. L Kellner 

The Goldstone Space Communications Station 30-ft 
precision antenna was used in December 1964 and Jan- 
uary 1965 for radiometric observations of Jupiter in the 
13-mm microwave band Azimuth and elevation antenna 
patterns were obtained to evaluatf the feed-antenna 
combination for beam width, symmetry, and sidelobe 
structure nifnrmation. Pattern* were also rerun at the 
frequencies and on-axis feed position used during the 
rad ionic ti ic observations of Verms (SPS 3 7-29, Vol. IV, 
pp. 122-126} to refine the values obtained a* that time. 

J. Implementation 

The patterns were obtained with an r Tangement 
identical to tb? one utilized previously: a bore sighting 
transmitter at Tiefort Mountain, and the radiometer used 
for the planet observations as receiver. Fry 1 and 2 show 
the boresighting bench which was used as th* trans- 
mitter. This is a slightly modified version of the unit 
used in the Venus experiment (SPS 37-29), In this unit, 
a backward-wave oscillator, with a maximum power 
output of approximately 40 mw, s used as an RF signal 
source. It is followed by an isolator, a level-setting atten- 


uator, a waveguide switch tn**. permits the power to be 
routed into a load when desired, a directional coupler 
that' feeds a precision wavein^er and temperature- 
compensating bolometer fur frequency and power moni- 
toring, two attenuators, und a standard gain horn. One 



Fig. 1 . Bnrcsighting bench 
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Fig. 2. Boresighting bench block diagram 



Fig. 3. Boresighting bench and associated equipment 
in transmitting position 


transmitted signal. Fig. 3 shows the boresighting bench 
and associated equipment in the transmitting position. 

All of the components, with the exception of the 
backward-wave oscillator pow**r supply and power meter 
and an electronic prime power regulator, were mounted 
on a tc-ia aluminum plate for rigidity. Three leveling 
screw-jacks on. the plate permitted fine adjustment of 
the output beam position. A telescope was also mounted 
on the plate for visual collimation of the output beam. 

The radiometer receiver local oscillator and the bore- 
sighting bench used identical backward- wave oscillators 
and power supplies. After 1 hr of warmup time, both 
systems were extremely stable; there was a direct corre- 
lation of frequency setting between the systems, enabling 
very accurate pattern measurements. 


of the two attenuators before the horn was a precision 
attenuator to permit accurate power output level changes 
for 'linearity calibration purposes. A rotating step-twist 
was incorporated in the st; .idard-gain-hc-rn mounting 
structure to allow rapid polarization changes of the 


2. Procedure and Results 

The first "step rin the measurement procedure was to 
properly focus the feedhorn on the antenna, xhis was 
accomplished at 23.S Gc by observing the on-axis feed 
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position yielding maximum output consistent with low- 
est sidelohes ai.J symmetry’ from the .adiometer when 
the anlenna was pointed at the boresight bench at Tieiort 
Mountain. Ail power levels and the radiometer perform- 
ance were carefully monitored during this and subse- 
quent measurements. 

With the feed locked in proper position, the antenna 
was computer-controlled to scan in both . elevation and 
azimuth at a rate of 0.005 deg/sec. The recorder was 
operated at a 60-mm/irmi rate, yielding a calibration of 
0.005 deg/mm on the chart. Two types of patterns were 
mn in thi.: manner. The first type was obtained by setting 
the radiometer gain so that the peak output on-axis was 
several db below compression. This allowed the main 
antenna lobe to be recorded in detail, but the dynamic 
range was insufficient to see the sidelobe structure. The 
second type of pattern was run by allowing the recorder 
to become saturated on the- main anteima lobe by in- 


creasing the gain- The sidelobes were then recorded 
with belter detail. - 

Figs. i. and 5 show the patterns obtained af 20.6 Gc. 
The main character -ti :s at this frequency are summar- 
ized below: 


Scan plane 

2Mb 

Beamwidth, 

deg 

6-db 

Eeamwidth, 

deg 

First 

sidelobe, 

db 

"Azimuth j 
Elevation j 

0.108 
0.135 ' 

i 

0.141 _ 

0.1S9 

i . 

-18,0 

-12.0 


Patterns were obtained at 20.6, 21.0, 21.5, 22.0, 22.5, 
23.0, 23.5, and -24.0 Gc using the same technique. The 
patterns shown in Figs. 4 and 5 are representative of 
those for all the frequencies. - 


ALL VALUE POINTS LOCATED BY CALIBRATION 
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ALL VALUE POINTS LOCATED BY CALIBRATION 




Fig. 5. Elevation antenna patterns at 20.6 Gc on the Goldstone 3C-ft antenna 
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A. Theory of Ionization of 
Atomic Systems by High- 
Intensity Radiation 

O. van Roos 

Experiments have been reported (Refs. 1-3) of the 
generation of plasmas in gases of H 2 , He, Ar, and N 2 
by pulsed ruby laser light (intensity of the order of 10* 
to 10 s w/em J ). Theories have been advanced (Refs. 4 
and 5) to explain the electron generation by a direct - 
ionization of the neutral gas molecules by means of mul- 
tiple photon absorption. It is, of course, true that ioniza- 
; tion cross-sections may become large enough once the 
molecule is excited sufficiently high that only a one- or 
two-photon absorption suffices to lift the electron into 
the continuum (Ref. 6). However, it is quite, a different 
matter to excite the electron from the ground state. For 
hydrogen, for instance, we would need about 10 photons 
of the ruby laser light to even lift the electron into the 
first excited (2P) state, and we will see that the cross- 
section for this process is prohibitively small. 1 It seems, 


’It .is small not only because so many photons are involved but also 
because jf the small phase space available. For a truly sharp bound 
state as the final state, the transition rate would be exactly zero, 


therefore, that an explanation for the experimental find- 
ings (Refs. 1-3; rests with the “microwave breakdown 
process,” i.e. ; the assumption of the presence of at least 
one free electron originally (Refs. 3 and 7). In the follow- 
ing discussion, we develop a theory of the above processes 
in perturbation theory, the latter being valid for intensities 
as hi 0a as 10 11 w/cm 2 . 


1 . Wave Function of the Electron 

The Schrodinger equation for a one-electron system 
under the influence of a circularly polarized monoohro 
matic plane wave of frequency w 0 is: 


(H 0 + £*0-* = **, 


(i) 


with 


H o 


>s v, + *w.7 




“ $ 0 "1 
H, = itch cos ko (,z - ct) ^ + sw/k b (z — ct) ^ . 


Here, € is the parameter (Ref. 8): 

4rjrtjl 

m*c 2 w<i 9 


€ 8 = 


(3) ; 

( 4 ) 
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and the electromagnetic wave propagates in the z-direc- 
tion. In Eq. (1), the -well-known A 2 term has been omitted 
since it only gives rise to an irrelevant phase factor in the 
case of circularly polarized light Expanding the wave 
funciiou ifr in the complete set belonging to H 0) we have 
for the expansion coefficients; - 

ifidi (t) =*£ < l j Hi | m > exp (iw lm t) a m (t ) . (5) 

m 

Under the assumptions that the electromagnetic field is 
switched on at t = 0, soy, and that the electron was in the 
ground state, we have 

ch(0) = 8 lo /' (6) 

as the initial condition. 2 : 

Defining the operators \ # - 

i ' D*= f[exp(±U oZ )|+v|] - (7) 

and performing a Laplace transformation on the expan- 
sion coefficients v 

di($) = f exp ( -- st) n t (t)dt , (8) 

J o- 

we find, by using Eqs. (3), (5), and (6), that 
sai(s) - 8 i( , = a,„ (s + iw 0 — iw,,„) 

■ + <i [D- 1 m > dm ( s - itv 0 — tto im )} . 


a t {s) = • 

a ~0 

We immediately have : 

ai'0 (s) - s: 1 a l; o, 


and, for a > 0, the recursive equation; 

sa. t a (s) — < l j D + j m> «-i (5 + «e u — fur,*) 

+ < l ( D~ | m > (-9 - hr - 


( 12 ) 


0 From Eqs. (11) and (12), we obtain the first-order correc- 
tion: ■ 


7(9) 


We are solving Eq. (9) -by an iteration, treating e as the 
expansion parameter; 3 


( 10 ) 


'(ID. 


2 In Eq. (5) and the following, l o* 1 m, etc., signifies a collection of 
quantum numbers, and all summations extend over the complete 
set of ngenfunctions of /&, including, of course, the continuing, 
states. w, m ~ fr 1 (Eo - /-») is simply the Bohr frequency. 

3 This is allowed even for ffie~highe$ laser intensities presently 
available (Ref. 7), f, \\ ^ 


i l;a (s) = <l\U* |'0 > s ^ ( s f itvo - itoni 


■f , < 1 1 Z7* | 0 > s' 1 ($ - iw Q — iwioY 1 (13)" 

r , - - - , 

Eqs. (13) and (12) . then lead to the second-order correc- 
tion a t . ($)> etc, W e will not include- here any - of the: 
higher-order terms, osince they 'lapiilK* hr-como Iru-io and 
v more involved. However, we ‘clo widi to show .iow any - 
.contribution of an arbitrary order (a, say,) toward the 
expansion coefficient a ( ^ con be • 'Wtrurted This can 
be accomplished witn J i ■> diagrams. but, d:ice in 

our case these diagrams. are somewhat. different^; it is 
worthwhile to give the results here. The contribution to 
di (s) in order a [i.e., the quantity a consists oi c .a 
sum of exactly 2 a - terml\ each of which; can be uniquely 
. represented by a diagram. Each diagram, consists of a , 
'horizontal line to ' which are attached exactly a vertical 
lines, some, from' above (called positive lines, whose inter- 
section wuth the horizontal line is called a positive vertex) 
and some from below (called negative lines, whose inter- 
section with the horizontal line is called a negative ver- . 
tex) in arbitrary order. If there are a r positive lines and 
a_ negative lines, we have cq _+ cu a, ...and the total- 
number of such diagrams is - ~ ~ - v -- ^ 

N (a + ) = a !-(a + ! (a — u + ) I) -1 . 

Since any number of positive lines is allowed, we have 
altogether 

^ ” V 

\£-2V(04)'= 2“"- .(14) 

- _ ’ - „ ' 

diagrams. A few examples are shown below: D v 

' l ! Ui I n 2 ' n 3 j n 4 I 0 l n x n« Ln 3 n 4 | 6 

— — , r — r — — i 


5 - . f 'ij* 

f - : 

KSi-' 

-.7^^ 


.r • 

' ' . 

.-■f >: ;V« 

, - 7 “7 o' ,'? 




5^ 

'i'-Vv V? 

■ '•7#| 


l »i I n 2 


| n 3 | n 4 2 ( j Hi ny W m j O 


4 There are no internal lines and a different propagator, 


i 


J” Ik 


4 ; ‘ 
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Tht rules tor ;iss»xriating to each diagram a definite con- 
tribution to the amplitude <z f is) are ihe following: For 
each positive vertex joining the two parts of the horizontal 
lin*> labeled n. and n . : (set' examples), write the expres- 
sion < n , D* n . : . Likewise, foi a negative vertex, 

.’rite < D ii;.; >. For that parr of the horizontal 
line which is labeled r» , write the “oropagator” 
(s — -- icquv)' 1 . where the number a is equal to 

the sum of all positive vertices ffii.ut/c the sum of all nega- 
tive vertices which are to the left of the “propagator” 
Finally, multiply al! terms ccgether and sum over all 
labels (quantum numbers), except those of the open ends. 
According tc these rules, the diagram* on the right-hand 
side above give rise to 



£ < l\ D- \ n, > < n, : i>" ! n ; > 

< 

- 

"■ < n 4 c D‘ 0 > s~ l (s — iiCt. — 



X ($ — 9Jtz . — iu iK ) : (s — nr, 

- at,-. 

V 

X (s — 2iir„ — iw; M4 Y l (s — m\> 

“ nr?,) 



and 


V < 1 1 D‘ ! n* > 


* < n, ; D* 0 > sr* (s il'o - rii-m, r* 

X (s -f 2iw„ — iie.-.J"' (s -r ?tur* - iu'inj 1 
X (.s - iiity — (.? ~ 5 iw. t — zu* : , V 1 »lfi> 

respectively. 

The v*rve function of the electron is finally given b> . 

(»'. 0 EXYtt/* exp (*) v:(r) 

Z a 

X exp ^ ^ . (17) 

2. Transition Probnbility Per Second Due to 
Incident Radiation 

In order to find the transition probability per second 
due to the incident rauLiion, we proceed as follows: 


Since, by Eq. (17;*, the wave function of the electron coi 
tains an admixture of continuum states, we project a 
an arbitrary continuum state for example This gi\e 
from Eq. il7): 


<n V (r, i)> 


i c / 




The transition probability per second into the contmuuj 
state characterized bv the collection of quantum numbe 
n is then given by: 

Mn) - lim-^ <n:^(r,f)>; i . (1! 


I -t us assume that the relationship 

Ytr.> — w n .. — 0 (2 

is satisfied for a c< rtair. integer .V and that no such relatior 
ship is possible icr any integer smaller than .V. Physical? 
this means that it takes at least \ photons of the incider 
radiation to ionize die atomic system." From our diagrarr 
marie expansion, we know that the lowest order in whic 
the term is — ;.W M — ru\Xr* can arise is of the Yth-orde 
and it :s precisely tiis term which gives rise tc a nor 
vanishing contribution in Eq (19). But, in Yih-or/W the: 
is only one diagram with the “propagator” (s — iXu 
— \ and that is the one with only positive vertice 

We now have in Ytk order 

<riy (r, f}> — f v (ii »rzV f ds exp ^st -- ^ 

< ^2<n|D‘-n:> *•* <n. v ., D~ f»> .y : 

"1. 

X (s " he., - iu n ,V* 

*■* (s : i(.Y— 1 )m,\ - iu\n s )“* (s *r i.Yttv 

(2 


There are ^Y 4- 1) simple poles in the s-plr.ne, and 
integration qvei $ is relatively easy. Pecan ;e of Eq. (*2t 
and the asymptotic limit / — * w in Eq. (19). it is easy • 
sec that : nlv ’he poles at s - 0 and ; — npr*„ — Stv 

*\Vc specifically exclude a resonance condition at thi tyj 
i'«a “ u.j* - 0, where ’ specifics any fomm' stats'. C;.scs like tn 
ran he handled ... .online to Ref. 7 aril do not lend to any intr 
estintf effects as fa. as iorization is concerned (sue also Ret, 6; 
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contribute. Leasing out all irrelevant phase Victors we Tlv number of photons absorbed simultaneously F 'tl'asf 
r« i > obtain: -Y 7 in this ease. We obtain, therefore. 


<iie (r. t) > — € v Y' <r n D* «. > 



(26) 


:;« v . , D‘ 0> (ti'o — u\.. ( . ;*2ti\ — u\.. ’ ’ 


1 exp fifur,.. — Y'tjl 

-p.v-i)T- I^tse • 


^22: 


from which v e have, using Eq. (IS*: 

A(n) -■ 2—6' '• £ j <7i D ni t > <wi V -i D' 0> 


X (t.’n.y - IS- 1) J 

X SuYtc,, — w a ..) . (23) 


Specifying the quantum i ambers n by E. /. m, where E is 
the energy of the continuum and / and m are the angular 
momentum quantum numbers, and using continuum 
wave functions which are normalized in the energy scab 1 
(Ref. 9). \x e find for the transition probability per sec- 
ond of a transition from the ground state to a continuum 
state (ionization) by the simultaneous absorption of 
X photons of frequency, tiv. 

A \E: K m 1 ==■ 6 jV I V <E; l m D n ; > 

■■■ D 0>(«v..- (X-lJtr,,)- 1 

X (ie„ i — (S -2) tt\, [ii'ny ... ' u\»)“ 1 , 

(34) 


xx here Ry -■ Rydberg frequency - 3.3 X 10 5 ‘ see 1 . A 
crude estimate of the magnitude of A can easily be given 
bv replacing the intermediate Irequeneies ic, l;l . ny a mean 
value d\ In that case, using a sum rule, we obtain from 
Eq. (24): 


A(E) - Tr ~c 


< E; Lm '(/)*) v 0> | II (w - /u\,)' s . 

I ; » 

(25) 


To estimate the magnitude of Eq. i25), let us apply it to 
tiu* ionization of hydiogen from its ground state with ruby 
laser light of b equeney u\, 3 X lO 1 *’ see" 1 , Flic magni- 

tude of values matrix elements <i»jD‘|wJ'> is (me *7/1) a, 
where u is the fine structure constant (see Footnote 5). 


Estimating Tr --*■ * 10 sec . we obtain the result that € 
must be 10 ** ' - in . " ler that A 10 sec -1 , a truly small 
ionization probability But, ir. -jrdcr to produce this low 
ionization rate, tin* law beam intensity must have the 
staggering value of I - r 10“' \\/cm ‘. The estimate is con- 
servatixe since the values of the matrix elements are 
usually smaller then those adopted here. Also, since the 
two-photon ionization of excited hydrogen has been calcu- 
lated exactly (Ref. 6>. it is possible to check the estimate 
given here: it turns out that the estimate leads to the right 
orde; of magnitude in ihat case. 

1,6502449 

B. Interaction of Intense Electro- 
magnetic Beams with Electron 
Beams 

M. M. Saffren 

Recently ; ever a I authors (Refs. 10-12) have studied 
the interactio » of a single intense light beam with a free 
electron, the electron being allowed to move with rela- 
tivistic ..peed Yon Rons (Ref. 13) has proposed a method 
to tre at the interaction of an intense beam with a bound 
electron. We propose a perturbation method for handling 
the problem of hound and free electrons v hioh utilizes the 
Feynman propagator in the perturbation expansion of 
the electron wa\e function, in our method, there appeals 
to be no problem with the boundary conditions at in- 
finity The method allows us to write explicitly the S 
matrix in any particular order of the fine structure con- 
stant without fi r st soKing an initial-x alue problem. More- 
over, we ha\. no difficulty in treating problems in which 
there is more than one intei so beam present. 

Along with all other authors, we assume that the in- 
tense radiation field may be regarded as unquantized. 
This has been justified in detail In Frantz (Ref. 14), but 
’s more or less siinplx a consequence of the fact that the 
probability of a photon being either radiated into or 
absorbed from a beam is proportional (roughly) to the 
number of photons already present in the beam We now 
assume S r ( x . y) to be the Feynman propagator (Ref. 15) 
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for either a free particle or a pa tide bound by a time- 
indepenclent potential. The \va e function for such a 
particle row perturbed by a r diation field A may be 
written as and * is the soluf on of (Ref. 15): 

* (z) = xp, ( z ) 4 J x Sr z, x) W [A (x)] * lx ) , (1) 

where, for fermions, 

V (A) — ieA ie y M A^ , 

y,i = dirac matrices , (2) 

and, for ^alar parties, 

W (A) = ie [A* c,,. 4 0 v A v ] + c 2 A^A^ , (3) 

and ^ (z) is the initial state of the particle. 

Ws now split A into two parts: (1) Ao, the field due to 
the intense beam; and (2) a , the field of any other photons 
that are either absorbed or emitted by the electron. The 
electron wave function in the presence of this combined 
field (radiation corrections aside ^ is obtained as usual by 
iterating Eq. (1). Thus [dropping the integral sign in Eq. 
(I) and continuing to do so below], we obtain to third 
order in the fine structure constant . 

* = if/i + S r \V(/io) ipi 

A 3rW(Ac.) S,W(A«)*, 

4 S. W(a) i pi 
J-SrW(A 0 ) Sp W(a) 

4 S F \V(a) S p W(Ao) 

4 Sr W(Ao) Sr W(A 0 ) Sr W(a) * 

+ Sr\V(A 0 ) SpW(a) S f W(A 0 )^ 

4 S F W(a)S F W(A 0 )S F W(A 0 )+i 
4- etc. 

A scattering matrix element is then 

s„ = <> h i *> . 


where 0? is a state of the particle in the time-independent 
potential that corresponds to the propagator S r . The 
matrix element is 

Sri = fi/» 4- <^// i S/>\V(Af) i ^i> 

4 <tpf j S F W(-i) j > 

+ <*/ ! s f W(A„) s, W(Ao) 

4 S r W(A 0 )S F W(a) 

4 S f \V(A q ) SrW(a) 

4 -S F W(a) SrW(Ao)\+ t > 

4 O, ! Sr W(Ao) S F W(A 0 ) Sr WYa) 

+ S, W(a) S F W(Ao) Sr W (A c ) 

+ SrV/(A 0 ) SrW(u)SrW(A 0 ) 

Sr'vV(fl) SrW(fl) S f W(A u ) 

+ S r W(a) Sr W(A 0 ) Sr\\\a) 

^SrW(A 0 ) SrW(fl) SrW(rt) 

4 Sr W(Ao) Sr W(Ao) SrW(Ao) 

4 S F \V(e) Sr W(a) Sr W(aj I .; t > . 

As is easily verified, this expansion corresponds to the 
usual Feynman expansion. The matrix elements can be 
calculated using the usual Feynman rules, except that 
now, in each term in which ?n “intense photon” A 0 ap- 
pears, the term is to be multiplied by the square root of 
the number of photons in the beam as many times as A 0 
appears. This is nearly ihe /"suit found by Frantz, who 
used more formal methods. The agreement is, in fact, 
complete, except for diagrams where the electron radiates 
another photon into the beam made up of. such photons. 
For intense beams, however, the difference is negligible. 

We are presently calculating the radial ’on from a par- 
ticle subject to the field of two intense beams. We have 
already calculated the cross-section for frequency dou- 
bling when a single intense beam is incident upon a free 
particle. Up to terms that are third order in the fine 
structure constant, the result is in agreement with previ- 
ous calculations (Refs. 10-12). 
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A. Urinary "Free" Corticosteroids 
by a Simple Clinical Method 

A. }. Bauman 

Biosatellite monkey experiments require a simple 
method for continuous instrumental monitoring of urinary 
corticosteroids because emotional stress in primates is 
reflected in increased urinary corticosteroid excretion. 
However, the recovery of urinary steroids is the weakest 
feature of contemporary steroid analysis (Rel. 1). The 
steroids are excreted as very complex mixtures of sulfuric 
acid esters or glycosides of D-glucuronic acid. The analy- 
sis and clinical significance of these conjugates is as yet 
not well developed (Ref. 2). Ordinarily, the conjugates 
are hydrolyzed enzymatically — a lengthy and uncertain 
step (Ref. 3) — and the free steroids are then partitioned 
into organic sc 1 vents. The steroids are subsequently 
resolved by analytical sequences, e.g., thin-layer chroma- 
tography (TLC) followed by gas-liquid-partition chro- 
rnatogiaphy (GLPC) (Refs. 4 and 5). Because of the 
uncertainty and complexity of instrumenting such an 
operational sequence we decided to examine a typical 
simple clinical method for “free* urinary corticosteroids. 

Dorner and Stahl's recent fluorometric method (Ref, 6) 
foi “free” cortisol plus corticosterone begins with a suc- 


ce.'^ive extraction of urine with petroleum ether and 
methylene chloride. The latter extract is treated with 
ethanol/ sulfuric acid and the acid phase examined fluoro- 
metrically. The results are presented in terms of an inter- 
nal standard of cortisol. In our hands the method was 
simple and reliable. We obtained a linear fluorescence 
peak yield at 530 m fi activation for 0-5 fig of cortisol in 
an Aminco-Bcwman instrument. However, TLC exam- 
ination of the extracts by Bennett’s procedure (Ref. 7) 
showed t no cortisol or corticosterone was present. 

One liter of quick-frozen urine from a single male 
person (about % of a 24-hr sample) was quickly thawed 
and divided into two equal parts. Cortisol (40 fig) was 
added to one part. The samples w r ere then put through 
the Dorner-Stahl procedure, this being a 100-fold scaleup 
in size. If we assume that 1500 ml was a fair 24-hr urine 
sample, their method gives a value of 227 fig of cortisol 
plus corticosterone for the total sample. We concentrated 
the extracts to dryness in the cold under nitrogen, obtain- 
ing about 33 mg (33,000 fig) of a yellow oil with an odor 
like that of maple syrup from each. The samples were 
dissolved in chloroform/inethanol 4/1 volume/volume 
and spotted as 1-|J spots onto a silica gel G TLC plate. 
Fig. 1 shows the visual appearance of the plate anei 
spraying with 50% sulfuric acid and heating. Though 
1200 fig of sample was applied, we see no cortisol and 
corticosterone. One could easily see 0.05 jx g of cortisol 
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SYSTEM: ETHYL ACETATE /CHLOROFORM /WAT Eft, 9/10/1 BY VOLUME 

adsorvent; silica gel g uniplate 

1. CORTISOL, CORTICOSTERONE; 2 yu. g EACH; \~fx\ SPOTS 

2. DORNER-STAHL EXTRACT; 1200 fxg; 4C fxq OF ADDED CORTISOL 

3. DORNFR-STAKL EXTRACT; 1200 y. q 

4. ESTRONE, ESTRADIOL, ESTRIOLJ 2 fJLQ EACH 

Fig. t. Thin-layer chromatogram' of urinary extracts 


as an olive green spot in visible light or 0.001 ng of cor- 
tisol as a blue fluorescent spot under long wave ultra- 
violet. The 1200 fj.g of sample should contain at least 1% 
of a ‘normal” 24-hr yield of cortisol, or 0.05 ^g (Ref. 8). 
The main body of the extract is very likely a mixture of 
bile acids — the material at the origin — which fluoresce 
blue under ultraviolet (Ref. 5). The material which moves 
with estrone is cholesterol on the basis of infrared and 
other spray reagents, )t seems likely that no free corti- 
costeroids exist in urine and that clinical methods like 
this one are measuring other classes of compounds , 1 
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B. Soil Studies — Microflora of 
Desert Regions. VII. Abundance 
of Chemical Elements in an 
Area of Soil at White 
Montaih Range, 
Califorina 

R. F. Cameron and G. B. Blank 

1. Introduction 

Soil composition on our planet is dependent upon the 
geochemistry of surface ma f erials that are exposed to 
the atmosphere and also upon the influence of organisms. 


Wamleuheuvel, W. A., personal communication. 


In terrestrial desert areas, organisms are not a prind t J 
factor in soil formation and therefore contribute neg- 
ligibly to soil composition (Ref. 9). It can also be expected 
that in a more severe desert environment, such as M ars, 
where aridity may be more extreme, that the soil con {po- 
sition will be primarily mineral. In general, the lower 
the moisture content of a soil, the fewer the numbers and 
the less the activity of the soil microflora (Ref. 10). ns a 
consequence, theie is a limited organic matter content 
in desert soils. Although varying proportions of mineral 
matter are present in different kinds of terrestrial soils, 
approximately 98 to 99.5% or more of desert soils is of a 
mineral nature, the remainder being organic matter, 
which also includes biota (Ref. 11). However, the 
amounts, distribution, relative abundance, and availability 
of chemical elements in the soil environment are of /ital 
importance to organisms. 

From the viewpoint of extraterrestrial investigations 
these chemical elements will be in association and inter- 
action with possible endemic organisms or organic resi- 
dues. An analysis for various elements will therefore he 
indicative of the extraterrestrial chemical environment ij i 
which life might occur or with which organic matter may 
be complexed. Analyses for C and N are especially 
important in this respect. 

On a geochemical basis, the biophile elements, or those 
which tend to be associated with organisms, arc also the 
elements which accumulate in soils that are the most 
affected by organisms (Ref. 12), In tu'resliial soils, these 
ii elude essential major elements, C, H, O, t ; Iv 5 N, S, 
minor elements, Ca Fe, Mg, and trace elements, Mn, Fe, 
Zn, Cu, Mo, Co, and V. Additional biologically associated 
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elements include Na, Cl, I, Ag, Ni, Au, Be, Cd, Se, Tl, Sn, 
Pb, and As. These latter elements may be needed in such 
minute quantities by organisms that their essentiality has 
been difficult to assess. The biophile elements do not 
include Si or Al, and these two elements, plus O, Fe, Ca, 
Na, K, and Mg, constitute almost 99% of +e Earth's 
crust (Ref. 12). 

The average content of chemical elements has been 
determined for a number of different zonal soils (Ref. 13). 
These are primarily agricultural soils developed optimally 
.under favorable environmental influences. This article 



Fig. 2. Soil field pi o' at White Mountain Range, 
California {elevation 1 2,400 ft) 



PARTICLE SIZE 


Fig. 3. Average particle size distribution for 18 
White Mountain Range field plot soils 


compares the relative abundances and distribution of 
elements in a relatively arid area soil^df the same 
genesis and morphology with char-?' '* 1 abundance of ele- 
ments in agricultural soils and of ogical material*: 

2. Materials and Methods 

a . Soil description . Within an alpine field plot of 24 ft 
on a side, 18 samples of naturally air-dry soil were col- 
lected from the surface 1-in. (Fig. 2). All of these soils 
were light yellowish brown (6/4 10YR), of medium bulk 
density (1.51 g/cm 3 ), loamy sand in texture, and pre- 
dominately of material ranging from 0.05 to 2 mm in 
particle size (Fig. 3). All of these soil samples had sat- 
urated pH values between 6.1 to 7.0, and Eh values of 
+450 to +550 mv. Cation exchange values were between 
7 to 10 meq/100 g of soil. Organic matter content ranged 
from 3.5 to 9.0% with an average value of 5.0%. Mineral 
components of these soils consisted primarily of quartz, 
plagioclase (albite, anorthite), K-feldspar (orthoclase, 
microcline), and possibly amphibole and muscovite (Fig. 
4). 2 Microbiological data on these 18 samples were re- 
ported previously (Ref. 14). 

b. Analyses . All soil samples were passed through a 
2-mm '/eve (#10 mesh) and an aliquot powdered by 
m jd?x and pestle for subsequent chemical analyses. 

For spectro- chemical analyses. iO mg of soil was mixed 
with powdered graphite and igr.ued with a dc arc. Cali- 
brations were obtained for a photographic emulsion 
response curve. Photographic spectrograms for the un- 
known sells were placed in the Aid * projector comparator- 
densitometer, and characteristic bn** s of the elements 
determined by comparison with tlu naster spectrogram 
(Ref. 15). ! The dc arc is the most w.-ivenient method for 
obtaining a geneial survey of ilv n organic composition 
of soils. 

Other analyses were for C, H, N, P, and S. 

Ox v gen values were <- + C, H, and N \ -ere deter- 

mined by ignition in On n C-H and N analyzers as 
desc+bed previously >1/ h li}. 4 S and P were determined 
on HClCp extracts. Snlfur was determined by the methyl- 
ene blue method air! V by the molybdenum blue method 
(Ref. 16). & 

» 

Analysis by Neil Nickle, ]PL Lunar and Planetary Science Section. 
’Analyses by Pacific Speetro-Chemical Laboratory, Los Angeles, 
California. 

•Analyses by Elek Micro malytieal Laboratories, Torrance, California. 
•Analyses by Edward S. Babcock and Sons, Riverside, California. 
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Fig. 4. X-ray diffraction curve for Sample 3 in White Mountain Range soil field plot (Q = quartz, O = orth^uuse, 
M = microclsne, MU = muscovite, A = albite, AM = amphibole, AN = anorthitel 


3. Results and Discussion 

a. Chemical abundarce. Chemical abundance of indi- 
vidual elements obtained by various analyses are shown 
in Table 1. These elements include, in decreasing order 
or abundance, O, Si, Al, K, Na, Fe, Ca, Mg, C, Ti, H, Mn, 
N, P, Sr, Ba, Zr, Cr, V, Ga, Gu, S, Ni, B, and Co. Other 
elements^ as Sh, As, Be, Bi, Au, Ag, Pb, Sr, Mo, and Zn, 
would have to be above 5 to 1000 ppm, in order to be 
detected at these spectrographic sensitivities. 



Fig. 5. Average chemical abundance of elements for 
1 8 White Mountain Range field p'ot soils 
(major elements) 


Average abundances of the 25 chemical elements are 
plotted in decreasing order of abundance in Figs. 5 and 6. 
These average abundances, white similar to those for 
typical zonal soils, are, in other cases, more similar to 


Mn N P $r Bo Zr Cr V Go Cu S N< B Co 

element 

Fig. 6. Average chemical abundar'e of elements for 
18 Wh 'e Mountain Range field plot soils 
(minor elements) 
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amounts found in \urioiis uhraba.*.^. basic. intermediate. organic lorm. hi southwestern l\S desert soils, the mean 
mid. or sedimentary rocks Hef. 13 value for C more marly approaches a lower varnc of 

(l.iv^ Hef. IK 


l 



* 



h. Major soil elements. The oxvgen content m these 
soils was the .same as the average oxygen content oj the 
Earth .s ciust. -K\5 r r i Re’ . 12 or of intermediate rocks 
■ Hef. 13. The oxygen coni at was lower than that of 
agricultural soils, which is 49.0 *7 . 'I'he a 1 erage Si ' ontent 
was 26G . This amount compares cioseh to an average 
of 27.(3 r r in the Earth’s crust, or 26G in jntermediare 
rocks. Typical agricultuial soils have a higher average 
Si content. 

The average abundance of Al in the Earth’s crust is 
8. K . Approximately I09r Al occurs m sedimentary rocks. 
The average A l content foi these soils. I0.3G . was there- 
fore* repre- rotative of Al in sedimentary rocks, and 3K 
higher than that for typical agricultural soils. 

The highest Fe content of the IS samples was 2.6 c c , 
with an average of 1.S9K This average is about three 
times less than the a\erage for zonal soils, and more 
closely approximates that found in acid rock-. The aver' 
age abundance of iron m well-developed surface soils is 
usually less than the average of 5.1 Cr found in the 
Earth’s crust. 

Ca and K each have approximately the same abun- 
dance in well-developed soils — an average of 1 .36 r r . 
Axei age Ca content of these IS soils was 1.6fr. less than 
that found in calcareous desert soils (Ref’ 11.. and about 
halt of die average content of the Earth’s crust. 

The K content was exceptional!) high for all IS soiK 
The average was 7.6 r c , and would N indicative of the 
relatively large amount of K-feklspais and plagiocla.se 
present. 

Na and Mg are tin two remaining elements, along with 
O. Si. Al. Fe. Ca. and K, that constitute almost 99G of 
the Earth’s enut. In typical agricultural soils, both Na 
ami Mg average 0.63 r r, approximately four tiroes less 
than their average in the Earth’s crust or intermediate 
l icks. The Na average for this-** soils was high. 3 Kr. 
Magnesium was slight k above the average for zonal 
.nils, with an average of 0.9(3 G . 

C is not a major element in the chemical composition of 
the Earth's crust, and its abundance in zonal soils aver- 
ages 2.0G . compared to ar. average of 0.04 G occurring 
in the Earths crust and in most rocks. For J8 soils, the 
average C content was 0.95 G . and neariy all in the 


c. Minor and trace elements in soils. In genet al, other 
elements may or may not show deviations from their 
average content in rocks. Hydrogen a«al\>e:» arc infie- 
quently reporb d for soils. S and P. while ot biological 
importance imp <how little or no difference in abun- 
dance in .soils compared to rocks (Rets. 12 and 131. 

Average P content of these IS soils was 0 07G. and 
compares favorably with O.OSG for typical agricultural 
soils. The average S content was 0.002 G . compared to 
averages ir. well-developed soils of 0.0SG. Other bio- 
logically important elements. Mn, Cu. Co. V, and B in 
these soils, had approximated the same abundance as 
tor typical sods. 

For life detection purposes. N content of soils ranks 
in importance with C. Average content of X for vvell- 
deveioped soils 0.1 G and compares favorably with the 
N content of tie IS W hite Mountain field plot soils, 

O. 07SG. This is approximately ten times the amount of 
N found in Southwestern U.S. desert soils (Ref. ilk Most 
of the X was organic, although some was in the form of 
XH- and NO ; / 

4. Concluding Remarks 

A comparison of chemical abundance of 25 elements 
was made for IS samples from the surface of a relatively 
arid soil field plot at the W hite Mountain Range. Califor- 
nia. In decreasing order of abundance, these elements 
included O, Si. \! K, Na. Fe. Ca, Mg. C, Ti. H. Mn. X. 

P. Sr, Ba. Zr, Cr. V, Ga, Cu. S, Xi, B. aid. Co. Foi zonal 
agricultural soils the average order of abundance of chem- 
ical elements show > some variations, and in decreasing 
orde' of aaitif. these were O. Si. Al, Fe, C. Ca, K, 
Na, Mg, d, it, X. Mn. S, P Ba. Sr, Zr. C:, V. Ga. Xi, Cu, 
B. and Co. 

There was actuaTy little deviation lie abundance 
of any element fro n the IS samples ai. yztd from the 
•oil field plot. Var ation in the chemical abundance of 
elements was also comparable to the small variability 
found tor numbers t.f microHora from the same field plot 
(Ret 1 4 i. However, .additional information is needed tor 
more typical desert soils, especially for soils from differ- 
ent. but adjacent ecus; stem.; and from various depths 
of soil. 
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All chemical elements were in sufficient abundance fo: 
microbial activities. Altb*'***^ the total abundances of Fe, 
Xa. and K showed substantial differences compared to 
tvpical well-developed zonal agricultural soils, there was 
no apparent effect on the numbers and kinds of micro- 
fl''* ouud in th. c soils. Proximate analyses fcr Xa and 
K. on soil extracts, and their subsequent determination by 
flame photometry, indicated that “available" Xa and K 
were "normaF for soils/ 

Ackrn u'iedgnent . Appreciation r given to Dr. N T eIIo 
Pace and Lis staff at the White Mountain Research Station 
for use of facilities, equipment. d permission to estab- 
lish an experimental soil field plot. 


Nb 5 5 ^'-' 

C. Theory of the Low-Temperature 
Chromatographic Separation of 
the Hydrogen Isotopes 

J. King , Jr. and S. VV. Benson * 

7. fnfroduef/on 

A new electrostatic theory har been developed which 
quantitatively explains the gas-solid ch: o in ato graphic 
separation of the hydrogen isotopes ,'t low temperatures. 
All of the hydrogen isotopes, including the ortho-para 
derivatives, are separable in a varietx of chromatographic 
columns, such as, alumina (ALCX) (Refs. 17 and 18), molec- 
ular sieves (Ref. 19), and glass containing a high per- 
centage of SiO* (Ref. 20). 

It is obvious from the separation of the ortho- and para- 
species that there must be some type of hindered rotation 
an the surface since these species differ only in their 
rotational energies (Kff. 21). We suggest that hindered 
rotation results from the difference in a,, and « L , the 
parallel and perpendicular components of the molecular 
polarization of the isotopes. We propose to show that the 
attraction of the isotopic gase , to the surface arises from 
the electric -field-induced dipole interactions. The energy 
of this interaction is given by 


<J> 


ntt " 



(i) 


“Analyses by Lois Taylor, JPL Chemistry Section. 


where « is the polarizability of the adsorbed molecule 
and E- is the electric-field intensity normal to the .* jriace. 
Since <i is one and a half times larger thanu i (Tei. 22), the 
liable configuration of the molecule on the surface is with 
its internuclear axis perpendicular to the surface plane. 
Thus, E - acts parallel to the internuclear axis. 


2 . Theory 

When the molecule goes from the gaseous to the 
adsorbed state, there is a corresponding change of two 
degrees of freedom. One tianslatior J degree of freedom 
in the gas phase becomes, cn adsorption, a vibration 
normal to the surface plane, and a gas-phase rotation 
uecomes a hindeicd rotation on the surface. 


The energies of vhe molecules can be obtained by 
solving the ^chrodinger equation for the Hamiltonian 
(Ref. 28), 


Px 2 ^ Fir Pz- . P¥ , P<t>- 

2\i 2M ~ 2\1 21 ^ 27 sin-0 


B) 

( 2 ) 


where M is the mass of the molecule, 7, the moment of 
inertia, and *!>(;;, 0) is the potential energy of interaction 
of the molecule with the surface. The equation can be 
solved if the vibrational and rotational motions are 
separable. Under these conditions, the viorational energy 
is simply that of harmonic motion normal to the surface 
and is given ny 



wherv v is the vibrational frequency. 

The rotational energy is obtained from a solution jf 
the differential equation (Ref. 24) 


d_ 

(Irj 




8 7T"I 

IF 


X ["*£*<> V 0 (l 17-) 


TV 2 h 2 

(1 - tj 2 )Stt 2 1 


0 = 0 


W 


where 7/ is cos 0, 0 is a function only of the angle 6 that 
the molecular axis makes with the normal to the surface, 
and V u is the value of the barrier height in energy units. 
The other symbols have their usual meanings. Eq. (4) 
must satisfy the condition that 0 bounded and single- 
valued at 7/ = ± I . Solutions to Eq. (4) with these boundary 
conditions have been tabulated by Stratton et al (Ref. 25), 
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Fig. 7. Rotational energy as a function of 
barrier height V 0 

Fig. 7 shows the first six rotational states of the hindered 
rotor as a function o. : barrier height V... 


The vibrational energies of the adsorbed molecules are 
obtained from the total potential function. The attractive 
term in this potential is given by Eq. (1). 

4> u <i = - a -jjr (5) 

The characteristic feature of all the adsoi bents used in 
the separation of the hydrogen isotopes is the presence of 
strong surface electric fields. The strong fields are caused 
primarily by vacancies in the crystal lattices. All defect 
structures such as 3-2 or 3-4 lattices must have these 
vacancies in order to maintain charge neutrality. 

The structure, shown in Fig. 8, has these vacancies and 
repiesents a simple model of an A1 k O* surface. It consists 
of the {100} plane of a cubic closest packing array of 
oxygen ions in which the Al +; * ions are located in the 
interstices with every third positive site unoccupied. 



Fig. 8. The {100} surface plane of the Al 2 0 3 lattice 


We have utilized this surface to determine the field 
intensity over different surface sites by summing, with 
the aid of a 7004 IBM computer, the contribution each 
ion makes to the electric field. 

The electric fields over different surface sites as a 
function of the perpendicular distance from the surface 
are plotted in Fig. 9. The curves in Fig. 9 originate at 
their geometric distance of closest approach, which is 
obtained by assuming hard spheres and taking hie O 2 
diameter to be 2,80 A. As can be seen from Fig. 9, there 
are rather strong fields between the Ai + * sites and also 
over the O 2 , which has two vacancies as its nearest neigh- 
bors. The fields o’ er the other sites are relatively weak. 

We find from our calculations that the field intensity 
over each site can be expressed empirically as a recip- 
rocal power of the distance z, from the median plane of 
the ion 


£ f# 



(6) 


where i denotes a particular site. Then from Eq. (1) 


<Patt -= 


a D, 
2z™ 


(?) 
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The vibrational force constant and zero point energy are 
then given by 


and 




(id 



£( 37 )’ ~ 


brZyA/ ,= 


I" aDim(u-m) 




(12) 


where M is the total mass 


The ratio of the elution time from a chromatographic 
column of Gas 2 to some reference Gas 1 can be expiessed 
as a function of the corresponding free energy change. 



where is the elution time of a reference gas not adsorbed 
on the column, and aF and A A refer to the change m the 
Gibbs and Helmholtz free energies, respectively. The ratio 
of the elution times defines the separation factor $. 

From statistical thermodynamics, 


Fig. 9. The eUctric-field intensities over different surface 
sites as a function of the distance z 


AA, - — RT In 2^ = - RT 111 <?,,„■ 


(14) 


The repulsive ..erm can also hv expressed as a reciprocal 
power of z, making the total potential. 


<b T = 


0 ‘ -,n 


( 3 ) 


At the equilibrium distance z,„ where (<"* «!>/(. ;,) = 0, 


B, = 


-y — D 
2 a 


-r n-m 


The total potential is then 



The potential has its minimum value tf> n at z, ~ z,„ or 


where the Q's are the corresponding molar partition 
functions. Therefore, 


.5 h - h = Q±1 

^1 to Qti-l 


03 ) 


For an adsorbed molecule with two degrees of trans- 
lation freedom, one hindered rotation, one free rotation, 
and one vibration normal to the surface, the partition 
function is given by 

- fin QUt) Qn.(r) Qn ,{t>) ( 16 ) 

where g n is the nuclear spin degeneracy, F‘ l is the zero 
point energy of the absorbed molecule, and (t), 
Q„.,(r), and are molar partition functions for 

translation, rotation, and vibration, respectively. For two 
degrees of freedom, is given by 


4> 0 ~ 


1L2l 
2 z m 



( 10 ) 


QUt) 


N\ 


^m.kTr y 


(17) 
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whore r is the surface area. For rotation 

Q.,,,(n = [S, exp [ - (Ef - E«)/kT ]] v (18) 

vhere g, is the degeneracy of the i :h rotational level 
and E{ is the corresponding energy. For harmonic vibra- 
tion normal to the surface. 



where v, is the vibration frequency and h is Planck's 
constant. 


In the gas phase with three degrees of transitional 
freedom 



Qp-i ~~ £*» Q*-i(0 

(20) 


(21) 

and 



&m-i» - 


(22) 


where L, is the moment of inertia and V is the gaseous 
volume. 


The heat necessary to vaporize the gases from the 
surface is given by 

*0 i^a-vib -Efl-f, ' "h Eg. t run* f Eg. tot FAV 

(23) 

The first three terms represent the energies the mole- 
cule has on the surface while E g . tron « and E P . r ,>t are the 
gas-phase translational and rotational energies, respec- 
tively. The FaV work necessary to remove the molecule 
from the surface is just RT for an ideal gas. 

4 . Results of Discussion 

We . use the formulas of the preceding sections to 
calculate the separation factors for the ortho- and. para- 
derivatives as a function of the barrier height. The re- 
sults are plotted in Fig. 10 

The experimentally determined separation factor for 
ortho- and para-hydrogen is 1.20 (Hof. 17). Using this 
value, we find from Fig. 10 that a barrier of 0.7 kcal is 
sufficient to explain the separations. Since this barrier 
height is accounted for by the difference in a .and we 
use Eq. (1) to determine the surface electric field needed 



Fig. 10. The ortho-para separation factors for 
hydrogen and deuterium as a function of 
barrier height at 77.4 °K 


to produce the barrier. For a barrier height of 0.700 
kcal/mole, we find 

E z = 2.04 X 10 s v/cm (24) 

We then determine the distance the molecule must be 
from f he surface to experience an electric field of this 
magnitude over a particular adsorption site. If the ad- 
sorption ocrurs over a vacancy, from Fig. 9, 

z r - 2,40 A 

and over an Al +3 site 

z A . 3 = 2.47 A 

We are therefore in the region where the field is essen- 
tially the same over both highly active sites. 

In all probability both types of sites are involved in 
the separation at 77 °K. However, we. can use the dis- 
tance dependence of the electric field to ascertain if 
adsoiption over one particular site is more compatible 
with experimental observations. 

It is obvious from Eqs. (10) and (23) that the calcu- 
lated heats of adsorption are functions of the type of 
adsorption sites. Since from Fig. 9 the electric field over 
an Al +3 site varies as z’ 7/ * and that over a vacancy as 
ar vs , m in Eq. (6) becomes 7 and 5, respectively. 

We have calculated heats of adsorption over both 
active sites for values of 9, 12, and 15 for the repulsive 
exponent n in Eq. (8). The (5-12), (7-12), and (5-9) poten- 
tials gave values compatible with the experimentally 
determined values, This comparison is made in Table 2. 
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Table 2. A comparison of heats of adsorption 


'Hurt of adsorption 

P-H, 

o-Hj 

HD 

o-Dj 

P-Dj 

--AH(AliOj), kcai/mole 






Observed* 

1.40 

1.55 

1.51 

1.58 

1.65 

Calculated (5**2) 

1.25 , 

1.41 

1.41 

1.45 

1.58 

— A/?(SiOi), kcal/mole 






Observed* 

0 77 

0,93 

0.92 

1.00 

1.09 

Calculated (7-12) 

0.88 

1.03 

1.04 

1.07 

1.20 

Calculated (5-9) 

1 

0.91 

1.07 

1.05 

!. 

1.08 

1.20 

•Ref. 17. 
»ief. 'AO. 







There is little to choose between the conditions m - 7, 
n = 12, and in = 5, n = 9. Since a 1/z 9 repulsive poten- 
tial has been shown to be compatible with experimental 
values for the alkali halides, it would be rather surprising 
if the repulsion on the surface varied as 1/z 15 or some 
larger, reciprocal power of z. On this basis, we have 
calculated separation factors for the two conditions 
m = 5, n = 9, and m = 5, n = 12, rnd compared them 
with available experimental data in Table 3. In Table 3 
the equilibrated H*, D 2 , and T 2 species are compared 
where 


— 3q 0 -H 2 “h <7 p -h 2 

(25) 

- 6q 0 . D ; + 3q p _D 2 

(26) 

= 10q o -T 2 + 6q p . t 2 

(27) 


We see from Table 3 that the 1/z 12 repulsive potential 
leads to large separation factors, indicating that the 1/z 18 


potential would produce even larger factors. A compari- 
son of the values in Table 3 tends to support a (5-9) 
potential for the interaction. If, as suggested by Moore 
and Ward, the separation factors increase with column 
activity, then the (5-12) potential might be applicable, 
since we have chosen as our model a surface with the 
highest possible activity. It is necessary to have experi- 
mental data on such a surface in order to make an 
accurate comparison. 
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D. Polarization Effects in the 
Chromatographic Separation 
of the Rare Gases on an 
Alumina Column 

J. King, Jr. 

1 . Introduction 

The rare gases , have been separated on an A1 2 0 3 col- 
umn in order to further investigate the role electrostatic 
forces play in gas-solid chromatographic separations. King 
and Benson 7 were the first to show the importance of polar- 


7 King, J., Jr., and Benson, S. W., The Journal of Chemical Fhysics 
(in press); also the preceding SPS article: C. Theory of the Low- 
Temperature Chromatographic Separation of the Hydrogen 
Isotopes. 


Table 3. Chromatographic data for the isotopes 


Isotope 

$4 (experimental; 
King*), 

U ftu 2 

Si (experimental; 
M. and S. b ), 
f«/#* 2 

S< (experimental; 
M. and W. e ), 
U/tn 2 

Si (calculated; 
m = 5. rt=*9), 

Si (calculated; 
m-=5, n= 1 2), 
Uha 2 

o-Hj 

1 

1 

1 

1 

1 

HD 

1.14 

L22 i 

1.09 

1.31 

1.50 

HT 

1.23 

1.42 

1.2C 

L52 * 

1,92 

e*Di 

1.38 

1.49 

1.26 

1.70 

2.15 

DT 

- 

1.85 

1.45 

2.05 

2.75 

•■Tj 

1/41 

2.08 

l 

1.66 

2.10 

2.93 

•Ref. 18. 
•Ref. 20. 
•Ref. 17. 
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ization forces in the low-teniperature chromatographic 
separations of the hydrogen isotopes on an alumina col- 
umn. By calculating the electric held over the {100} 
plane of an AL0-, surface, it was shown that the separa- 
tions were caused by the interactions of the polarizable 
hydrogen isotopes with the surface electric field. From a 
detailed analysis of the interactions chromatographic sep- 
arations were calculated which were in agreement with 
those observed. 

For the diatomic hydrogen isotopes there is a change of 
two degrees of freedom in going from the free gaseous 
state to adsorption on the surface. One translational de- 
gree of freedom hi the gas phase becomes, on adsorption, 
a vibration normal to the surface, and a gas-phase rota- 
tion becomes a hindered rotation on the surface. The 
barrier to rotation on the surface was shown to arise from 
the difference m the parallel and perpendicular com- 
ponents of the molecular polarizabilities of the isotopes. 

Since the rare gases are monatomic, there is a change 
of only one degree of freedom in going from the gaseous 
to the adsorbed state. A translation in the gas phase be- 
comes on adsorption, a vibration normal to the surface. 
This change allows the measured . jtention times on a 
chromato graphic column to be logarithmically related 
to the polarizabilities of the gases. Since methane is a 
regular tetrahedron whose polarizability is isotropic, it 
should freely rotate on the surface and show adsoiption 
properties similar to the rare gases. It is therefore included 
in this work. 


2 . Experiment 

The column material was 30-40-mesh activated alumina 
from Matheson, Coleman, and Bell. The column was con- 
structed of 7-rnm Pyrex tubing 18 ft long and coiled to 
fit into a constant temperature apparatus containing a 
heater. The material w*. : packed into the column by 
applying compressed air at the inlet, a vacuum at the 
outlet, and bv vibraiing the column by means of a drill 
motor. 

The packed column was heated at 450° C for 72 hr 
while being flushed with preheated helium gas in order 
to eliminate physically adsorbed water from the surface. 
After cooling, the column was maintained at £o>°C with 
a helium flow rate of 180 ml/min, 

A Loenco Model 15A gas chromatograph was u.>od to 
detect the effluent gases. 


All the rare gases were Airco reagent grade Reagent 
grade methane was obtawed from the Matheson Com- 
pany and was used Without fuither purification. The 
gases were mixed maim metrically, and 0.2 ml of the mix- 
ture was passed through the column. 


3 . Theory 

In gas-solid elircmatography, there is an array of 
adsorption sites within the column with a moving con- 
centration zone consist ng of adsorbed gas in dynamic 
equilibrium with gas in the vapor phase. Gas molecules 
do not move do” n the column when adsorbed, whereas 
in the vapor ohase they move at the *ame rate i the 
carrier gas. Therefore, the linear ve locity of migration of 
any gas down the column is 


where 


17 = 1 /, 


Ng + N a 


( 1 ) 


Ng = number of moles in gas phase 
N a = number of moles adsorbed 

and U a is the linear velocity of the earner gas. 


The equilibrium constant for adsorption is 



and substituting this into Eq. (1) gives 


but 


U — Ug 


1 

* 4 + 1 


U = ~ and U„ - is- 
t K a 


(*) 

( 3 ) 


(4) 


where t K = retention time of gas in column, / -- packed 
length of column, F r — flow rate of carrier gas, and 
a = interstitial area of column. 


Then 

t* = (1 + *,) (5) 


Since the gases spend most of their time in the ad- 
sorbed phase, Ki > > 1 and 

- (6) 

to 
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Froin thermodvnamics. 


Therefon , 


K- = er ~*t 

CO 

-j -*(¥)’> 

(15) 

where A F = the free energy change 
sorption from the solid. Therefore, 

accompanying de- 

„ \k r . In 2rkT «r”| 

2 L fV* J 

( 16 ) 

la la 

- T7 'O' 




e - to* 

The entropy change is independent of the m« 

lecular 


aF^aH-TaS (9) 

where A H is the heat o£ adsorption and AS is the entropy 
change. 

From statical thermodynamics, the entropy change can 
be expressed as a function of the molecular partition 
functions. 


aSj — *1 Qi-e/iji-g . yihT In 


where q m . the partition i\:r*tion for the adsorbed mole- 
cule. is the product of the partition Tvuetion for vibration 
normal to the surface and the partition function for t v*o 
degrees or unhindered translation parallel to the surface. 
Therefore, 


_ / 2*M kt \ exp( - hr/2kT) 

q ° ~ q ° ! q ‘ r ~\ h- ' )* l-exp(- h,/kT) 


where M is the molecular weight, <r the surface area, and 
v is the frequency of liarmonic vibrations normal to the 
surface. Since 


-m 


where / is the force constant. frT > > hv ;.t room tempera- 
ture, and the .•xponentia’s in Eq. (II) ran be expanded, 

exp( - hv/2kT) _ kT _ 2wkT M' 3 
j - exp( — hv/kT) hv ' h/ 1 2 ( ) 

The translational partition function* in the gas phase 
q c is for three degrees of translational freedom and is 
given by 




mass and >s rather insensitive to small differences in the 
force constant since it appears in the log.iriihiiiic expres- 
sion. Thus, the entropy change for all tie gases should 
be essentially the same. 

The heat of adsorption A H *s exactly the negative of 
the heat necessary to vaporize the inoiecule from the 
surface. For adsorbed molecules, the heat of vaporization 
is given by 

Af/^f “ AH, «t»0 E«-rib f'4-frani 

+ -T PAV (17) 

where <t>« is the value of the interaction potential of the 
molecules with ;he surface at the equilibrium distance. 
The first three terms represent the energies die molecules 
nave on the surface while £,. r is the gas phase transla- 
tional energv. 

For ideal gases, 

E,. ( ,, = 3/2RT (18/ 


Therefore, 


E ain „ = Ea-r.t = PaV =* RT (19) 


- A 


where V is the gaseous volume. 


The potential depth is the quantity through which the 
polarizabilities of the gases are related to their retention 
times on a chromatographic column. It has been shown 
by King and Benson*’ that a consideration of the total 
interaction potential between the adsorbed molecules 
and the surface electric field leads to the fed 1 owing rela- 
tionship between <p u and a, the polarizability. 

* _ a D, fn - m“! ,, 1X ‘ 

*• - - T c l~i <“> 

where D, is a proportionality constant between the sur- 
face electric field and the distance z K , that the molecules 

'See preceding SPS article: C, Theory of the Low-Temper;/ ture 
Chromatographic Separation of the Hydrogen Isotopes. 
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are from the surface. The quantities m and n, respectively, 
refer to the reciprocal powers of the attractive and re- 
pulsive terms in the overall potential expression. 


If this \alue of is substituted in Eq. (20), the heat of 
adsorption becomef 


- 


a D, Hi " ml 

" j 




where C, is a constant whose value depends on the type 
of interaction potential between the molecules and the 
surface. 


Using Eqs. (3), (16), and (22) the retention time < xpres- 
sion for the gases in the column is 


, , , ta . NR Ti . , 2*MV1 „ . kT 

lr.t, = 'Op; T ~[1 - ,n -fV~\ ” “ iCl + T 

(23/ 



RETENTION TIME, min 

Fig. 11. Chromatogram of 0.2-ml sample of 
the raro gasos and methone 


4. Results and Discussion 

If the retention times of the rare gases are determined 
under conditions of constant temperature and constant 
carrier gas flow, the theory predicts that a plot of In hr 
versus a, should yield a straight line. 

Fig. 11 is a chromatogram of a mixtuie of the rare 
ga? es, including methane, on an Al : Oj column. The reten- 
tion times, corrected for gas hold-up time in the column. 


Table 4. Chromatographic data and polarizabilities 



Ne 

4r 

Kr 

CH, 

X. 

tjt, min 

1 68 

1.80 

2.18 

2.30 

4.03 

a. (Ay 

039 

1.63 

2.46 

2.60 1 

4.00 

*M. 24. | 
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are given in Table 4 along with the known polarizabili- 
ties. Fig. 12 shows a plot of the corrected retention times 
of the gases as a function of their respective polarizabili- 
ties. The resulting straight line is convincing evidence 
that polarization forces are primarily responsible for the 
physical adsorption of gases on defect structures, like 
ALA. 

It is obviuu- from Eq. (23) that gas-£o!id chroma- 
tography can be used to compare electric-field strengths 
on different adsorbents since C u the slope of the curve in 
Fig. 12, is a function of the ek ctric fields on the surface. 
Also, if the total interaction poL.itial between the mole- 
cules and the surface is specified, the vibrational force 
constants can be obtained and the intercept of the cune 
in m- 12 allows the surface area to be determined. 

This investigation, therefore, shows a new approach 
in the utilization of gas -solid chromatography for the 
investigation of gas-solid interactions. Future investiga- 
tions will involve the chromatographic separation of the 
rare gases on other defect solids, such as Fe 2 O s and FeA, 
in order to study the relative strengths of their surface 
electric fields. 
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E. Photolysis of Low Concentra- 
tions of Nitrogen Dioxide 
at 3660A 

J, King , Jr. 

1. Introduction 

The photolysis of nitrogen dioxide at 3660A was first 
studied at trace concentrations b> Ford ard Endow (Ref. 
27), who determined the quantum yield <I> in nitrogen at 
one atmosphere pressure. They worked at concentrations 
below 4 X 10~ 7 moles/liter and found the average quan- 
tum yield for the disappearance of N0 2 to be 0.600 
molecule/quanta. 

Ford and Jaffe (Ref. 28) in a later investigation studied 
the photolysis at higher concentrations, also in an atmos- 
phere of nitrogen. At concentrations above 2.5 rnm of 
NO. pressure they found that the quantum yield ap- 
proached 2.0, which agrees with other investigators of 
the N0 2 photolysis (Refs. 29, 30, and 31). However, at 


Io\ ' NO., concentrations the quantum yield approached 
zero, which was in disagreement with the data of Ford 
and Endow. The two sets of data could be compatible 
only if the quantum yield were to go tlirougn a minimum 
value as the NO_. concentration approached zero. Since 
the data of Ford and Jaffe did not go below 5 X 10" : 
moles/liter, the present work was undertaken in order to 
bridge the gap between 4 X 10' 7 and 5 X 10~ ,: moles/ 
liter and to ascertain if there was a minimum in the 
value of the quantum yield as the NO- concentration 
approached zero. 

2. Experiment 

A Perkin-Elmer 42] infrared spectrophotometer 
equipped with twin long-path optical cells was used as 
the analytical instrument. The optical layout of one of 
the celLs is shown in Fig. 13. The optical path length 
could he changed from 4 to 49 m by varying the number 
of reflections between Af r ., A/«, ana M 7 . The reference 
optics were enclosed in a metal can which was main- 
tained under high vacuum. The source of 3660A radia- 
tion was four Westinghouse 360-BL fluorescent lamps, 
which were arranged concentrically with the upper half 
of an 82-liter Pyrex cylinder enclosing the sample optics. 
Quantities of NO-, which had been purified by the method 
of Harris et al (Ref. 32) and stored as a white solid at 
“ 195° C, were introduced into the cell from an inlet system 
of known volume. The concentration of N0 2 in the inlet 
system was determined sprctrophotometrically by allow - 
ing the gas to equilibrate between the inlet system and 
a quartz cell which was designed to fit directly into a 
Cary Model 11 recording spectrophotometer. 

Linde high-purity extra-dry nitrogen was passed 
through Ascarite, CaS0 4 , Mg (C10 4 )2, and activated char- 
coal at dry ice temperature. The pressure of the nitrogen 
in the cell was read on a Wallace and Tieman gauge and 
was maintained at one atmosphere. 

The time of the irradiations was automatically con- 
trolled by a Gra-Lab universal timer. 

3 . Results. 

The infrared spectra of NO- shows a strong dependence 
on added inert gas pressure. This pressure dependence is 
not well understood although it has been studied by sev- 
eral investigators (Refs. 33, 34, and 35). In Fig. 14 is 
displayed a typical infrared snccira of N0 2 with and 
without added No, The intensity was found to be inde- 
pendent of No pressure above 600 mm. 
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Fig. 14. inf rated spectra of nitrogen dioxide (N0 2 
pressure is 7.37# instrument is set for 40 m) 


The relative quantum yield for N0 2 disappearance, 
based on the quantum yield of Ford and Endow at trace 
concentrations, was determined in the following way. 

At trace concentrations where only a small fraction of 
the light is absorbed (Ref. 27), 


I a = KI 0 (N0 2 ) (I) 

where K is the absorption cross-section, i.e., cm 2 /molecule. 
By definition, the quantum yield is 


d N0 2 /dt __ d NOj/di 
la Klo( NO,) 


(II) 


The disappearance of NO a as a function of time was 
determined in the long-path cell at the average concen- 
tration used by Ford and Endow, i.e., 6 X 10~ 4 mm; and 
by using their value for the quantum yield $ = 0.60, 
KI 0 was calculated. This value was then used to calculate 
the quantum yields at higher N0 2 concentrations. 

The quantum yields, determined in this way, are given 
in Table 5 and plotted as a function of N0 2 concentration 
in Fig. 15. The results show the quantum yield to be 
essentially constant over the pressure range studied. Tliis 
does not agree with the data of Ford and Jaffe, although 
their data ?.t low pressures of N0 2 , as noted by th^ 
authors, a»e subject to rather large errors because of the 
small concentration changes winch they measured. 


Table 5. Relative quantum yields of NC 2 
disappearance in photolysis at 3660A 


P.VOj, 

mm X 10* 

AP/Af, 

mm/tec X 10* 

Ia, 10' 

* 

0.600 

0.544 

0.906 

0.600 

1.55 

1.40 

2.34 

0.598 

9.90 

9.07 

14.99 

0.605 

11.80 

10.0 

17.82 

0.562 

13.38 

11.80 

20. 2u 

0385 

22.50 

20.10 

33.98 

0392 

48.11 

42.60 

72.65 

0387 

50 7 

44 A0 

>536 

0382 

53.5 

47.50 

80.79 

0388 

78.8 

70.5 

118.9 

0393 

101.0 

90,0 

152.5 

0392 

109.5* 

93.0 

165.34 

0.&5 


:« the maximum NO, concentration whien could b# photo fyxod with tha Initru- 
mont Mt for 4 m. 



Fig. 15. Quantum yiold v* P N o 2 from infrarod studios 
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If a plot is made of the present data, along with the 
data of Ford and Jaffe above 0.4 min of N0 2 pressure 
where their data is more reliable, the curve in Fig. 16 
is obtained. This curve shows the quantum yield to be 
independent of the NQ 2 pressure below 0.45 mm but 
rises rapidly with pressure above this value. 



4 Discussion 

Neither the mechanism proposed by Ford and Endo\ 
(Ref. 27) nor that suggested by Ford and Jaffe (Ref. 28) 
can explain the observed behavior of the curve in Fig. 16. 
The mechanism proposed by the former investigators is 


NO; + hv-» NO + O 

(la) 

040. + M-» O, + M 

(2a) 

O 4- NO. 4- M — > NO, 4- M 

(3a) 

O f NO, -> NO + O, 

(4a) 

O NO + M -* NO, + M 

(5a) 

NO, + NO -» 2 NO, 

(6a) 

0, + NO -» NO, + O, 

(7a) 


where M denotes an inert gas, such as N s . 


If steady-state conditions are assumed for NO, and 
atomic oxygen, this mechanism leads to the following 
expression for the reciprocal of the overall quantum 
y ; eld for the disappearance of NCL. 

1 _1 W M) * (5ml (NO)(M) * (2al (0 2 )( M) 

®N0 2 2 2 * (4m) + 2* <4 .,(N0 3 ) 2 fc (4a) (N0 2 ) 

(HI) 

Under the conditions of no added NO and 0 2 , Eq. (IK) 
reduces to 


1 _ 1 , (Ml 

2 2 k { 4 a) 

(IV) 

or 


^ 

(V) 

VOa *,«, + fc, w (M) 

Eq. (V) accounts for the independence of the quantum 
yield at trace concentrations but does not explain the 
N0 2 pressure dependence at higher concentrations. 

At higher concentrations, the mechanism proposed by 
Ford and Jaffe is 

NO, 4- hv -* NO + O 

(2b) 

0 4- NO, -» NO 4- O, 

(3b) 

O + NO,-* NO* 

(4b) 

NO* -» NO, + O 

(5b) 

NO* + NO, -» NO, + O, + NO 

(6b) 

NO* 4- M -» NO, + M 

(7b) 

NO + NO, 2 NO, 

(8b) 

Again, assuming steady state for O, NO.,, 
quantum yield expression is 

and NO* , the 

2&(3bi bi 4* k \ 6h , (fc(,b) ‘4" fc,4b,)(NO f ) 

— 

4" k(3b) koM 

b + k<4b>) iNO,) + 7b) (M)] 


(VI) 


Although this mechanism explains the observed fact that 
the quantum yield approaches 2 at very high N0 2 ‘con- 
centrations, it is not consistent with the data in Fig. 16. 
In Fig. 16 there is an apparent inflection point at approxi- 
mately 0.45 mm of N0 2 pressure. Eq. (VI) does not satisfy 
the mathematical condition for an inflection point since 
there is no value of NO a pressure which allows d 2 4>/dp 2 N0 ^ 
to be zero. One possible cause for the disagreement between 
£q. (VI) and the data in Fig. 16 is that the scatter in the 
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data at the low concentrations does not allow a differ- 
entiation between a small but finite slope or a line with 
zero slope. However, m order for the curve to have a 
finite slope at the low concentration and still agree with 
the present infrared data, the lower points from Ford’s 
and Jaffe’s data must be considered unreliable and elimi- 
nated. Since the conce rations represented by these 
points are beyond the range of the present experimental 
apparatus, the reliability of the points could not be 
checked. 

Since the calculated quantum yields of the present 
investigation are based on the results of Ford and Endow, 
the value of the intercept in Fig. 16 is relative and could 
be in enor. In order to check this possibility an inde- 
pendent determination of the quantum yield at the low 
concentrations is being undertaken using azomethane as 
an actionometer. 
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F. On the Correlation of Geminal 
and Vicinal Nuclear Magnetic 
Resonance Spin-Spin Coupling 
Constants with Substituent 
Electronegativities 

S. L. Manaff and D. D. Elleman 

I. Introduction 

There is presently considerable interest in what elec- 
tronic and structural factors determine the magnitudes 
and relative signs of geminal nuclear magnetic resonance 
proton-proton spin-spin couplings. The initial theoretical 
attempts to describe this coupling by Karplus and co- 
workers (Ref. 36) 

H Jxirinul 

(/ Jpcr-.i „n! H H 

X h c - cr 

have been shown experimentally to be insufficient in sev- 
eral respects. First, the effect of the adjacency to a 
methylene group of substituents containing ^-electron 
centers was not accounted for, although subsequently 
Grant proposed a semiempirical theory which remedied 
this (Ref. 37 Also, the effect on the geminal coupling 


due to electron withdrawal by electronegative substitu- 
ents was not accounted for. Probably the most dramatic 
failing is the fact that the theory predicted a positive 
sign for the geminal coupling in a sv hybridized meth- 
ylene group, whereas there is overwhelming evidence 
that this coupling is negative (Refs. 38, 39, and 40). 

We chose to study the signs and magnitude of the 
coupling constants in styrene oxide (I) (SPS 37-17, Vol. 
IV), styrene imine (II). and styrene sulfide (III) (SPS 
37-22 , Vol. IV) for several reasons. First, structural in- 
formation from other methods (Ref. 41) suggests that the 
H — C — H angles in these three molecules are about 
the same (approximately 116 deg); thus, perhaps any 
differences in the geminal couplings could be attributed 
to substituent effects. The Ho — C — C angles in I and II 
are very similar and that in III is only slightly less, 9 and 
the changes of the vicinal couplings in at least I and II 
may reflect mainly electronic rather than sterie substituent 
effects. 


2. Discussion 

Several correlations have been described which attempt 
to relate magnitudes of couplings to substituent elec- 
tronegativities ( SPS 37-24 , Vol. IV and Refs. 43 -49). All 
these treatments have used plots of coupling constants 
versus electronegativity to derive a linear correlation. It 
would seem that a multiplicity of substituent effects in- 
fluences these couplings and that the most important 
effect appears to be that of electronegativity. It has 
been pointed out (SPS 37-24 , Vol. IV) that in systems 
containing 7r-electron centers adjacent to a — CH — CH_. — 
fragment, two classes of 7r-electron effects appear to be 
distinguishable. In addition, in the case of oxiranes much 
better correlation between substituent electronegativity 
and coupling constants is arrived at if groups containing 
7T- electrons adjacent to the — CH — CH 2 — fragment are 
not used to estabi di the correlation line. The deviations 
for the latter type of substituents then provide a measure 
of the magnitude of these special electronic effects which 
must not contribute significantly to the determination of 
the electronegativity of a substituent, which itself should 
be directly related to thermochemical properties. It 
should be pointed out, as discussed elsewhere (SPS 37-24 , 
Vol. IV), that Tr-electron effects exist for both vicinal and 
geminal proton-proton couplings, a fact which has not 
been noted previously. More detailed discussions of the 
multiplicity of substituent effects on geminal and vicinal 


"Estimated to be 158.1 ^0.5, 159.4, and 151.7 deg, respectively, from 
data in Ref. ^2. 
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couplings will be deferred at present The main point we 
wish to make here is that the linear correlation between 
vicinal and gerninal proton-proton couplings and sub- 
stituent electronegativities for substituents which do not 
have the possibilities of bringing into play electronic ef- 
fects not measured by bond-energy quantities may be 
much better than previously thought. Some evidence sup- 
porting this viewpoint will now be presented. 

Some time ago, Muller and Pritchard (Ref. 50) dis- 
cussed the correlation of the U C — H coupling in substi- 
tuted methanes with s character of the carbon orbital 
and the C — R bond distance in a three-parameter equa- 
tion. Looking ai '.he same data, we feel that perhaps a 
simpler relation exists, i.e., J v . c n — A + BE /{ , where A 
and B are positive constants and E I{ is the substituent 
electronegativity, provided that R is not a group which 
can participate in special electronic effects not measur- 
able from thermochemical data. Fig. 17 shows the 13 C — H 
data for CH,CH ;i , CH ,NH., CH«OH, and CH,F plotted 
against the Huggins electronegativities (Ref. 51). An ex- 
cellent straight line can be drawn through the points for 
R = — CH. I} — NHj, and — OH, while the point for 


R = — F appears to deviate very slightly. More careful 
measurements of these 1 C — H couplings might be worth- 
while to establish unequivocally whether the very good 
line determined by the three points — CH : <, — NH,, and 
-- OH is nn artifact and the deviation of the point for 
— F is real. The'' 3 are severe . pieces of evidence (Refs. 
52 a\d 53) that — F should deviate, i.e., have certain 
capacities for electronic effects not measured by thermo- 
chemical properties. 

We have found another case where -a set of molecules 
ail having similar geometry but differing only in a sub- 
stituent give a good linear plot between Huggins electro- 
negativities and the i:! C — H coupling. In Fig. 17 there is 
a good linear relation for the case of the three-membered 
ring compounds, cyclopropane, ethylene inline, and eth- 
ylene oxide. This linear plot is derived from experimental 
data reported to be -less in error (dj0.5 cps) (Refs. 54 
and 55) than that for the substituted methanes (rnl cps) 
(Ref. 50). These linear correlations are both excellent for 
tlm two sets of thiee points for the substituents involving 
C, N, and O atoms. As is shown in Fig. 17, the points for" y 
styrene sulfide and methyl sulfide fall considerably off 
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Fig. 17. Plot of J ja c , versus E Jf the Huggins’ electronegativity, for some substituted methanes and some three- 
membered ring compounds (the A*s represent predicted electronegativities based on J u f c H for the 
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the two correlation lin**s determined by the first *o\v 
elements. thus indicating contributions th'* ** C — H 
^juplings of about *9 and —13 cps respectively, in 
these latter molecules above those predicted by a line,* 
correlation with ehx*tronegat?vity. 

it would seem reasonable tha* ; for systems with 
s* ; tuents whose spin coupling contributions are dcrivt d 
only from electronic effects measured by electrcncga 
tivity, it should be possible from measured 13 C — H cou- 
plings to derive appropriate group electronegativity. 
A priori we would expect this to b“ possible for alkyl 
groups and substituents which do not contain rr-electrons. 
We have taken the recent i? C — H data (Ref. 55) for 
1,1-dimethylcyclopropane and spiropentane and derived 
an electronegativity tor the 

^CH 3 

substituents in a three-mem tiered ring, as indicated in 
Fig. 17. 

As was discussed above, linear correlations between 
substituent electronegativity and geminai and vicinal 


couplings Lave been suggested. In Fig. IS we have taken 
the data for the vicinal (cis and trans) couplings for the 
cyclopropanes mentioned above. ethylene imine (Kef. 
54) and ethylene oxide (Ref. 54), and plotted them 
versus the Huggins electronegativity (Ref. 51 j. For the 
former two compounds this electronegativity was deter- 
mined from Fig. 17. A rather satisfactory linear relation is 
evident. The points for ethylene sulfide are also shown in 
Fig. IS. As in the case cf the *’C — II coupling, the points 
for the vicinal couplings in this molecule deviate rig- 
ziificantly from the linear correlation. Also shown in Fig. 
13 are the data for styrene oxide, styrene imin<\ and 
styrene sulfide. The data for the former two would ap- 
pear to determine lines parallel to but slightly displaced 
from those determined for the unsubstituted molecules. 
The points for the sulfur analogue III again deviate. 

] n the case of the geminai coupling, values for ethylene 
oxide. 1 45 1,1-dimethylcyclcprcpane (Ref. 55c and spiio- 
pentane (Ref. 55; ;tre available. The difference* between 
the geminai couplings in ethylene oxide and styrene oxide 
is very small. We have plotted the five points for ethylene 


, ’Deri\ed from the observation of certain weak transitions in a sample 
of ,;: C-enriched material (Mar.att, S L., unpublished work ). 


\ /V H = 
andXi 



Fig. 18. Plot of vicinal coupling and the geminai coupling versus E,, the Huggins electronegativity, for a ries of 
three- rr.embered ring compounds (the A’s represent certain predicted couplings) 
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oxide, the two cyclopropan e mentioned above, styrene 
oxide. ar*:i styrene imine. and they determine a rather 
satisfactory straight iKe. Again the sulfur analogues 
geininal coupling dr dates from this linear relation. 







t* 



Sfc 

A. 


The discussion and coupling constant data above indi- 
cate that the linear correlation between geminal and 
vicinal protcn -proton couplings in rigid systems and Hug- 
gins electronegativities (Ref. 51) is better than previously 
indicated (SFS 37 i 7, Vol. IV and Ref. 47) It is then 
possible to predict with some reasonable confidence the 
valiu-s for certain couplings heretofore unobserved or 
undetermined. Previously, Mortimer in his analysis of the 
3 C satellite spectrum of ethylene imine could not deter- 
mine the preton proton geminal coupling (Ref. 54): from 
Fig. 18 tt.is coupling is estimated to be about * 1 cps. 
Similarly, for cyclopropane itself the geminal and the two 
\ icinal couplings are predicted to be —3.0, -f 8.5 (cis), and 
*5.0 cps (frans), respectively. Assuming that the points 
for the vicinal couplings for sty rene oxide and styrene 
imine determine lines puralle. to those of the unsubsti- 
tuted molecules, the vicinal couplings for phenylcyclo- 
propanj are predicted to be —4.3 (trans) and 4- 8.2 cps 
(cm?). The geminal coupling is estimated to be about —2.7 
cps. There are still two more vicinal couplings in this 
molecule whmse * a)ues may be estimated from other data 
(Refs. 55 end 53) to be 10.5 and -f7.5 cps. Table 6 
summarizes predictions from Fig. 18 for this latter 
molecule and several other molecules whose nuclear mag- 
netic resonance spectra have not been analyzed. 

Fig. 17 shows that the *'C — fl coupling in the substi- 
tuted methanes is only slightly more strongly dependent 
on substituent electronegativity than the 13 C — H coupling 
in the three- me. nbered eye lies. Comparing the plots in 
Figs. 17 and 16, it is obvious that of the four types of 


Table 6. Summary o 4 couplings constants 
predicted from Fig. 18 
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couplings we have discussed the !r C — H coupling is 
much more strongly dependent on tl.e electronegativity 
The /runs- vicinal couplings are the least strongly depend- 
ent on electronegativity, while the cis-vicinal couplings 
are only slightly inon. dependent than the latter The 
geminal coupling is more dependent on substituent elec- 
tronegativity' than the vicinal f'ouphngs. Also, the de- 
pendence is of opposite sense to that for the vicinal 
couplings. As is evident from these linear correlations 
with electronegativity, both \icinal couplings and the 
geminal coupling in the simple three-men ibered cyclics 
we have discussed are linearly related to the respective 
13 C — H couplings (Ref. 57). As the appropriate : ’C — H 
couplings become available for the u ns vm metric substi- 
tuted derivatives, such as styrene oxide, styTene imine, 
and phe .ylcyclopropane, it will be interesting to see if 
any degree of generality' exists for this type of relation. 
There should be different l3 G— H couplings in the ihree- 
membered ring of these latter derivatives for each C — H 
bond (Ref. 42). 


3 . Conclusion 

In the foregoing analysis we have attempted to dem- 
onstrate for one series containing three-membered ring 
molecules that there appears to exist a very simple linear 
relation between geminal and vicinal proton-proton cou- 
plings and the Huggirn electronegativity (Ref. 51) (or a 
related quantity derived from 13 C — H couplings) and that 
this relation is better than previous similar correlations 
w'ould lead one to believe. The reason for the seatier in 
the previously offered correlations is the fact that certain 
substituents possess electronic inteiactioas, which we 
shall term "extra-electronic effects,” w hose presence does 
not contribute measurably to the determination of bond 
energies from which electronegativities are derived, but 
whose presence does provide additional possibilities for 
the propagation of nuclear spin -spin coupling. This may 
mean that in many cases the ! *C — H coupling does not 
directly measure the percentage s character in a carbon 
bonding orbital when a carbon atom is substituted by 
one of the type of substituents capable of “extra-electronic 
effects'* This same conclusion has also been reached by 
Karaba^sos (Ref. 58), who suggests that the breakdown 
the simple correlation stems from spin-dipole and/or 
eieotron-orbital contributions to the 13 C — H coupling. 
However, Pople’s recent theoretical treatment of the 
coupling between directly bonded atoms suggests that 
these two contributions will both be zero if one of two 
coupled nuclei is hydrogen (Ref. 59). On this basis, it 
would seem that the deviations from a simple correlation 
of IS C — H coupling with s character observed may well 
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arise through a Fermi contact mechanism involving elec- 
trons of substituent atoms or groups. A theoretical con- 
sideration of this possibility could be fruitful. 

Deviation from a simple correlation can probably 
a priori Ik expected for substituents with ir-electrons, 
second and higher row elements, and fluorine atoms in 
close proximity to a set of coupled nuclei. Possibly low- 
Iving ex ci* » states and/or d-orbital participation con- 
tribute to these effects for second and higher row 
elements. The nature or these electronic effects in the 
case of fluorine appears rather obscure 

The manner in which the relation between coupling 
constants and electronegativity ’vs been discussed here 
could serve as a basis for making a separation between 
contributions to spin-spin coupling due to factors depend- 
ing on bond strength and those derived from several 
extra-electronic i fleets: these points are being further 
investigated. 


65 32*56 

G. The ,9 F NMR Spectra of the 
Trifluoroacetates of Poly 
(Alkylene Oxides)' 1 

S. L Manatt, D. D. Lawson, and J. D. Ingham 

1 . Introduction 

Studies reported previously ( SPS 37-31, .37-26, and 
.37-24, Vol. IV; have shown that ,tt F nuclear magnetic 
resonance (NMR) spectroscopy can be used effectively to 
establish th? molecular structure of terminal hydroxyl 
groups of nolyalkvlene oxides. The end-group structure 
is most significant because it is generally the most re- 
active chemical site for polymer modification or degrada- 
tion, both of which qualify the applicability of polymers 
for solid p r opellants or spacecraft components. 

One of the significant results stemming from our pr< - 
viously reported work on poly (propylene oxides) (PPO) 
was that these polymers possess two distinct types of 


"Joint contribution with tlu* JPL Polymer Research Section, Propul- 
sion Division. 


secondary hydroxyl end-groups (SPS 37-24 , Vol. IV). This 
fact was established through the study of the :,, F NMR 
spectra of the ditrifhinmacctatc (DTFAi esters of these 
polymers The DTFA esters, which are readily prepared 
by trifluoroacetvlation with trifluoroaeetic anhydride, ex- 
hibit a doublet 1 "F fluo- ine spectrum with a splitting of 
1.9-2.2 cps (depending on the solvent) at 56.4 Me. The 
fact that the members of the doublet are not of equal 
intensity suggests that the observed structure does not 
originate from long range 3 H-'“F spin-spin coupling be- 
tween the J , F nuchi of the TFA group and the proton 
five bonds removed. Strong irradiation of the J H spec- 
trum at 60 Me with greater than 10 milligauss of power 
failed to remove the doublet .structure. The ! “F spectra 
of these polvrier DTFA esters at 94.1 Me showed a 
doublet splitting of about 3 cos (SPS 37-31 , Vol. IV). 
The r *F NMR chemical shifts of nuclei are linearly de- 
pendent on field strength so this result together with 
the result from the double resonance experiment un- 
equivocally demonstrate the presence of Kvo magnetically 
non-equivalent types of hydroxyl end-groups for these 
polymers. We have discussed two possible origins for 
these two types of secondary hydroxyl end-groups (SPS 
37-26 and 37-24, Vol. IV). First, the methyl group of the 
propyl* .ie oxide monomer units adjacent to the terminal 
monomer units could be a or p to the terminal ether link- 
age to give a positional isomerization. In the case of 
positional isomerization this difference could originate 
from the several pathways available in the initial polymer- 
ization steps. Alternately, the doublet ,n F NMR signals 
for these DTFA esters could originate froir j various 
combinations of asymmetric carbon atoms in the two 
terminal monomer unit** of the tw r o ends of the polymer 
chain. In this case the difference in concentration of the 
two types of TFA groups in the product from ihe base- 
catalyzed polymerization of racemic propylene oxide sug- 
gests a small but significant amount of stereoselectivity 
in the polymerization. 

We have now' distinguished between these, two possi- 
bilities in three ways. Previously (SPS 37-26, Vol. IV), 
we described the preparation of a polymer of racemic 
propylene oxide initiated w ith sodium n-propoxide. This 
material yielded a TFA t^orr which exhibited two l9 F 
NMR peaks (2.1 -cps splitting) of equal intensity. This 
result suggests that the two types of hydroxyl end-groups 
present in PPO materials prepared bv basic catalysis 
originate from the asymmetric carbon atom of the mo- 
nomer units. We now wish to describe two additional 
experiments bearing on this same problem which lend 
further support for this explanation for the two types of 
end-groups we have detected in PPO polymers. 
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2. 19 F NMR Spectrum of DTFA of 
Polyft + !-l-propylene oxide] 

If the doublet structure observed for the DTFAs of 
racemic PPO liquid polymers arises from the asymmetric 
centers in the monomer units, apparently one of the two 
signals corresponds tod l and Id type end-svoup diads 
vwiile the other signal corresponds to li and dd type 
end-group diads. Confirmation for this explanation could 
he obtained from study of the DTFA of optically active 
PPO where ve would expect to observe a singlet !1 'F 
NMR signal. In addition, from the optically active 
polymer unequivocal identification of which signal cor- 
responds to which end-group diad would be obtained. 

Therefore, ( 1 -propylene oxide was prepared. 
First, the corresponding optically active glycol was 
obtained, converted to the bromohydrin, and then de- 
li \ Jrobrominated to the epoxide (Ref. 60). The epoxide 
was pohmerized according to the method of Price (Ref. 



61}. The polymerization conditions were adjusted on the 
basis of recent kinetic studies {Ref. 62) to give a molecular 
weight of ^2000. The DTFA was prepared, and from 
the fluorine analysis a molecular weight of 1690 was 
calculated. This ester gave a single sharp K 'F NMR signal 
^Fig. 19a' superimposible on admixture with the high- 
field member of the doublet of an atactic PPC-2000 
DTFA ester (Fig. 19b) This result firmly establishes that 
tee :3 F SMR doublet for the secondary TbA esters of 
pohj( propylene oxide) arises from the asymmetric center 
in the monomer r.rdis. Thus Structures I and III represent 
the . t aud cLd end-group diads which yield TFA esters 
v.iin he highest field ’ F NMR signals, and Structures II 
and IV represent the dl and id diads which fall at lower 
magnetic field. 


I 

(iSOTAmc DlAD) 


n 
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If the chain adds monomer units in the polymerization 
at both ends then Diads III and IV may not be present; 
we have not vet demonstrated to what extent this is the. 
case. 


Fig. 19. 1! ’F NMft spectra at 56.4 Me of DTFA esters: (a) 
polyd-propylene oxide) in mixture of trifluoroacetic 
acid, benzene, and CFXH-OH; (b) mixture 
(80:20) of esters of polyU -propylene 
oxide) ond a liquid poly(</,£-propylene 
oxide) (molecular weight 2000) 
in same solvent system 


3. Degradation of High-Molecular Weight PPO 

It is well known (Ref. 61) that a ferric chloride- 
propylene oxide catalyst is capable of converting c£,i- 
propylene oxide into a high molecular weight polvmer 
which is a mix lure of crystallines and amorphous mate- 
rials. The exact structure of these materials is still in 
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Pig. 20. lft F NMR spectra ct 56,4 Me of DTFA esters: (a) 
ester of degradation product from hydrobromic acid 
cleavage of high molecular weight poly(</, I- 
propylene oxide) prepared with FeCL catalyst in 
CF 3 CH 2 OH; (b) ester* of liquid polyU/, i-propy- 
lene oxide) with molecular weight about 
2000 in same solvent; (c) spectrum of mix- 
ture of (a) and (b) 


some doubt. We felt that random degradation of such 
a high molecular weight PPO polymer followed by ui- 
fiuoroacetylabc'i or the degradation product and study 
of the r ‘F NMR spectrum of these esters would reveal 
useful mform.-tion concerning the structure of these 
PPO polymers. 

A sample of waxy polymer prepared with a ferric 
chloride catalyst (Ref. 61; was degraded tr boiling con- 
centrated hydrobromic acid to give a very viscous slightly 
yellow oil. Trifluoroacetylation gave a less viscous TFA 
ester which exhibited a singlet 19 F signal (Fig. 20a) 12 for a. 
secondary TFA group along with a broader signal (Fig. 
20a) a the r ight chemical shift position for primary TFA 
groups. The single secondary TFA signal was superim- 
posible on admixture with the high-field member of the 
DTFA doublet of a low molecular weight liquid PPO 
(compare Figs. 20b nd 20c). The broadening exhibited 
ii the spectra shown in Fig. 20 is due to a small amount 
of oaramugnetic iron ions which could not be removed 
Nv the aqueous washings employed in the isolation of 
V e degradation product. 

. Conclusion 

The tijr e result* described in some detail above dem- 
on- 'cate then {' vmxnetric carbon atoms present in 
the propvWa .,e monomer units are the origin of the 
doublet 1J F MVIF* signals observed for the TFA esters 
of the PPO polymers we have studied, We ha\e identified 
the high-field member of the doublet as belonging to the 
isotactic diad end-group units. Furthermore, our results 
suggest that the polymers obtained by feme chloride 
catalyzed polymerization of racemic propylene oxide are 
primarily isotactic (i.e., chains of all i and all d monomer 
units). A recent X-ray study of the crystal structure of 
dyl -poly (propylene oxide) could not distinguish between 
the latter structure and a syndiotactic structure (Ref. 64), 
It also appears, as evidenced from the inequality of the 
concentrations of the two types of secondary hydroxyls 
present in the atactic PPO, that a certain degree of 
stereoselectivity exist in the polymerization of racemic 
propylene oxide with basic catalysts. 

Thus, using the NMR techniques described above and 
in previous reports ( SPS 37-31, 87-26, and 37-24 , Vol. IV), 
we have obtained important information, which hereto- 
fore was unknown or has been the subject of considerable 


‘These frequency sweep l *F spectra were taken with the field fre- 
quency lock system previously described in Ref. 63. The lock 
signal was derived frer*. 7-io% added l,l,2,2-tetrafluoro--l t 2- 
dihroi noethane whose signal is conveniently downfield about 700 
cps from the region of interest. 
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controversy, on the structures of one type of poly(alky!ene 
oxide) polymer. In addition, the technique which we have 
developed has proved, from an analytical chemistry 
standpoint, to be a convenient means of determining the 
relative amounts of various types of hydroxyl end-groups 
present in poly(alkylene oxides). It appears that this 
technique should be of significant value in predicting 
the reactivity and applicability of these polymers for 
propellants and spacecraft materials. 

H. The Microwave Spectrum of 
2,3-Dica rba hexa bora ne(6) 

R. L. Poynter and R. A. Beaudet 

J. Introduction 

The relatively new field of carbon-boron chemistry has 
shown extensive activity in the past few years. The syn- 
thesis of a number of relatively nev r compounds has 
produced a number of questions concerning their un- 
usual stability and speculation concerning their geometric 
structures and chemical bonding. These compounds ap- 
pear to have carbon and boron bonded together in an 
unusual fashion. Onak, Williams, and Weiss (Ref. 65) 
and Shapiro, Good, and Williams (Ref.. 66) have syn- 
thesized several compounds which have been the subject 
of recent structural analyses. 2,4 dicarbaheptaborane(7), 
C S B,H 7 , has been studied by Beaudet and Poynter (Ref. 
67), while dihydrocarbprane, or 2,3-dicarbahexaborane(8) 
with an empirical formula C 2 B 4 Hr, has been studied by 
Boer, Streib, and Lipscomb (Ref. 68). One of the other 
compounds in this interesting series is 2,3-dicarbahexa- 
borane(6), which has the empirical formula C 2 B 4 H fi (Ref. 
66). The structures of these two molecules are quite 
different, despite the fact that they both have the same 
number of carbon and boron atoms. Dihydrocarhorane 
contains two bridge-bonded hydrogen atoms with an 
icosohedral cap of B 4 C 2 consisting of a B apex atom and 
a five membered C U B., ring. On the other hand, the pres- 
ent work shows that C 2 BiH (; has the form of a bipyramid 
with a trapezoidal base consisting of a four-membered 
C 2 B 2 ring, and two symmetrically located apex B atoms. 
In both molecules the two carbon atoms are adjacent to 
each other and located in the base ring. This study was 
stimulated by the desire to better understand the physical 
basis for the chemical behavior of the more elementary 
members of this series of compounds. 


2. Experimental Methods 

The microwave spectrometer which was used in this 
study has been described in previous reports (Ref. 69). 
A 10 -mg sample of the 2, 3-dicar bahexaborane(6) was 
obtained on loan from Professor T. Onak. This sample 
was used as obtained without further purification. Be- 
cause of the difficulties of obtaining this sample, it was 
divided into two aliquot portions, one of which was stored 
for safety. Frequency measurements were made by inter- 
polation receiver methods, using as standard frequencies 
the harmonies of a microwave multiplier chain which was 
controlled with the output signal from an HP Model 104 
AR quartz oscillator. This oscillator was in turn cali- 
brated against a National Atomichron and the National 
Bureau of Standards broadcasting station WWV. 

3 . Rotational Spectrum 

To obtain initial predictions of the rotational spectrum, 
estimates of the bond distances and angles were made 
using the published data on C 2 B t Ks and C 2 B 5 H 7 (Refs. 
67 and 68). Such predictions indicated that the 2,3-dicar- 
bahexaborane(6) would be close to a spherical rotor, and 
that there might be considerable trouble in locating the 
inertial axes and the orientation of the dipole moment 
Thus, predicted spectra were computed for the molec- 
ular dipole moment oriented along each of the inertial 
axes. For each case, rotational transitions were predicted 
to occur in the 8-40-Gc microwave frequency band. 
Furthermore, the predicted spectral patterns were not 
uniquely different although they favored A and C selec- 
tion rules so that a cursory study would not allow an 
immediate choice of the correct type of selection rules. 
In addition, there would be at least six isotopic species 
of the molecule, with overlapping spectral patterns. 

A search of 'he 18-26-Gc microwave frequency band 
revealed several densely populated groups of absorption 
lines. Most of these lines were characteristic of high / 
transitions, but a f ?w low J lines with resolvable Stark 
effects weie isola* !. The Stark effects of these lines 
were then analyzed to determine the most probable J 
values. Attempts were then made to correlate these tran- 
sitions with the different sets of predicted values. The 
uncertainties in the original parameters were such that 
the molecule could be either * n oblate or a prolate rotor. 
Assignment attempts were made for both types of rotors. 
These early assignment attempts were singularly unsuc- 
cessful. Therefore, the spectral scanning was extended 
to both higher and lower frequencies. A set of lines was 
finally isolated which could be postulated as belonging to 
the J = l<-0, / = 2«-l, and J ~ 3<-2 transitions. Trial 
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choices, which were made using Jines in the / = 2<— 1 set 
and C-type selection rules, were not productive. It was 
only possible to assign the normal species using B type 
selection rules. Computations of the other isotopic species 
rotations’ constants were then made with approximate 
moment corrections determined by using Kraitchman's 
equations (Ref. 70). As might be expected, the initial 
predictions of the moments of the various isotopic species 
were considerably in error because of the lack of knowl- 
edge of the actual structural configuration. With each 
assigned isotopic species, the prediction of the next spe- 
cies rotational moments became easier because of the 
greater certainty in the molecular configuration. 

As in all boron-containing compounds, two boron 
isotopes normally are present: X1 B, with a natural abun- 
dance of 81%, and 10 B, with an abundance of 19%. 
There are four boron atoms in this molecule, and there 
are nine distinct isotopic forms of the molecules which 
occur in the natural state. Assuming that the most abun- 
dant species (containing all “B atoms) has a relative 
intensity of unity, each of the two singly substituted 10 B 
species has a relative intensity of 0.5, and each of the 
three doubly substituted species has a relative intensity 
of 0.125. The triple substituted species, each of which 
has a relative intensity of 0.025, were too weak to observe 
and have been neglected in this study. The weaker 
transitions belonging to the all ll B species are compar- 
able in intensity to the stronger transitions belonging to 
the two 10 B singly substituted species, a fact which caused 
some difficulties in the assignment procedure. Because 
the all n B species had lines with fairly large intensities, 
it was possible to study and assign all of the singly and 
doubly 10 B-substituted molecules. This provides addi- 
tional information on the bond distances. 

Each of the four boron atoms possesses a quadrupole 
moment and can produce a splitting of the rotational 
transitions into a larger group of lines. In the present 
study, the quadrupolar splittings were too small to be 
observable, and gave no trouble in the analysis of the 
spectrum. However, these splittings did produce a slight 
broadening of the lower } transitions. This made it nec- 
essary to use the / = 3«-2 and / = 4*-3 transitions for 
obtaining accurate rotational constants. 

The rotational constants and the corresponding mo- 
ments of inertia are given in Tables 7 and 8. 

The final molecular structural analysis results are not 
available at present. However, preliminary results may be 
summarized in Fig. 21, for the normal all n B molecule. 


Table 7. Rotational constants for six isotopic molecular 
species of 2,3-dicarbc'>iexaborane(6) 


Spe< ies 

Rotational constants, Mc/sec 

A 

. 

B 

C 

Norn al, ad U B 

6162.320 

5930.000 

5929.410 

Apex 10 B 

6162.12 5 

6035.758 

6035.515 

Ring W B 

6277.005 

6035.646 

5929.415 

Apex 10 B, Apex ’ B 

6162.018 

6142.819 

6142.325 

Ring 10 B, Apex 1,J B 

6276.710 

6145.600 

O033.420 

Ring 10f J, Ring 10 B 

6395.846 

6038.393 

6032./:? 


Table 8. Moments of inertia for six isotopic molecular 
species of 2 r 3-dicarbahexaborane(6) 


Species 

Moments of inertia, a mu- A 2 

/.i 

Ib 

h 

Normal, all 1J B 

82.0358 

85.2498 

85.2582 

Apex ,0 B 

82 0384 

83.7J60 

83.7594 

Ring lfl B 

80.5370 

83.7576 

85.2582 

Apex 10 B, A^ex 10 B 

82.0399 

82.2963 

82.3029 

Ring 10 B, Apex 10 B 

80.5408 

R2.2590 

83 7607 

Rina 10 B, Ring ,0 B 

79.0405 

837195 

837979 



Fig. 21. Atomic configuration of 2,3-dicarbahexa- 
borane(6) (principal axes are shown by arrows 
for the all U B isotopic species) 


228 







-JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV 


Bend distances and angles which are omitted in Fig. 21 Table 9. Tiie mean dipole moment**; 1.501 - 0.03 Debye 

3< v en at a later date. The shift in molecular units and is oriented along the B principal axis, as slh.v.n 

principal axes upon iaotopic substitution is illustrated in in Fig. 21. 

Fig. 22. 


A k 



Fig. 22. Orientation of principal axes after *“B isotopic 
substitution at Atom B(4) for 2,3~dicarbahexa- 
borane(6) 


4 . Dipole Moment 

The molecular dipole moment was determined by 
analyzing the Stark effect splittings for the M =• 0 Stark 
lobes of the ] — 2r2<-l n and the J — 2 12 4-1„, transi- 
tions. Linearity of the plot of frequency shift as a function 
of the square of the applied electric field con^rms the 
negligible effects from the boron nuclear quadrupole 
moments. The Stark effect absorption cell was calibrated 
with OCS immediately before and after the measure- 
ments were made upon 2,3-dicarbahexaborane(6) in order 
to minimize temperature effects. The Jesuits are given in 


Table 9, Dipole rromenf of 2,3-dicarbahexaborane(6) 


Transition 



2j: 1 oi, M — 0 

- 0 

0.602* X 10' J 
K019 X ]Q' i 

1.52 

1.48 

1.50 ~ 0.03 (overage) 


A 65- 32 458 

I. Detection of a Signal on a Paper 
Chromatograph 

G. f . Stefiensen 

The use of conductivity changes to detect separations 
on a thin-layer or pap ?r chromatograph would be a 
practical solution to the problem of colorless mixtures 
and possible quantitative analysis without destroying 
the sample. A simple test was set up (Fig. °3) to s-e it 
this method of detection was possible. Preliminarv tests 
without the preamplifier indicated the method would 
work with a sensitivity equal to or better than existing 
chemical methods. 

To detect the conductiv ity change a pair of gold wires 
wes placed on opposite sides of the chromatograph 
paper. This was treated as a resistor and placed in a 
bridge circuit. A Princeton Applied h search lock-in 
amplifier tuned to i kc was used to generate a signal 
across the bridge and also to detect the signal from the 
bridge. This detected signal was applied to a strip chart 
recorder. 



Fig. 23. Experi nta) setup for paper chromatography 
detector 
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Operation c? the System consisted of establishing a 
water flow down the paper and balancing the bridge. 
After suitable warm-up for stabilization, a l-/d sample 
was placed on the paper and its passage recorded. The 
samp’e concentration was varied and the results noted. 
A 10~* Sf test sample of CuSO« is detectable and was 
used to determine the limiting sensitivity of the method 
(Fig. 24). To detect a nonconducting compound, such as 
methyl alcohol, the carrier water conductivity was ad- 
justed with NaC’ t* a suitable steady-state level. It was 
then possible to detect non-conducting compounds which 
are injected into the carrier solution. The polarity of the 
output signal was opposite to that observed for CuS0 4 , 
showing that phase detection techniques allow a clear 
distinction of the unknown compounds conductivity rela- 
tive to the carrier conductivity. Various methods of en- 
hancing the signal such as different detector designs, 
pap i widths, and paper notciiing, could be used. Any or 



Fig. 24. Passage of a l-,ul sample of TO 4 M CuSO* 

all of these methods would probably improve the system 
performance. 

Although this basic idea appears new. its simplicity 
implies that it may amount to a rediscover,*. A brief 
literature search has not disclosed anv prior discussion, 
however. The application of phase detection methods in 
this work appears to increase sensitivity by about 100. 
Work is being continued. 
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Errata 

The following corrections should be noted for SPS 37-30, Vol. IV: on Fig. 6, 
p. 135, resistors R9 and RIO should read 100 Q instead of 1C9K. 
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A. A Combined Focusing X-Ray 
Diffractometer and Non- 
dispersive X-Ray Spectrometer 
for Remote Analysis: 

A Preliminary Report 

H , W, Schnopper , 1 A. E. Metzger, R. A Shields , 
and K. Das Gupia 2 

1 . Introduction 

When illuminated by a suitable source of X-rays, a 
crystalline sample will scatter this radiation in a way 
which is characteristic of the space lattice of the crystal. 
The scatterer can be in the form of either a single crystal 
or a polycrystalline sample. A variety of instrumentation 
has been developed to handle each case. For purposes of 
sample identification, the powder method is used most 
commonly. The scattering process is essentially elastic 
and if a roughly monochromatic beam of wavelength A 
is used, then the scattering angle 6 can be related to the 


1 Physics Department, Cornell University, Ithaca, New Your, 

department of iviatetfa 1 Science, California Institute of Tech- 
nology, Pasadena, California. 


lattice spacing d by Braggs Law n\ = 2d sin 0, where n 
is the reflection order. Various standard analysis pro- 
cedures can be used to give a complete structural analysis 
of the sample. 

If the incident X-ray has an energy above tne K ioniza- 
tion potential of the elements in the sample then a 
chemical analysis is also possible. The sample wjll emit 
characteristic X-rays which may be measured wirh either 
dispersive or nondispersive instruments. The secondary 
emission process is not very efficient bi cau«?e it depends 
upon a combination of absorption coefficient and fluores- 
cence yield. Lunar applications involving the detection of 
light elements by the use of fluorescent excitation rather 
than electron excitation, dictate a low energy incident 
beam, and nondispersive analysis. 

The instrument to be described is intended to perform 
a dual-purpose (elemental as well as mineralogieal) analy- 
sis consistent with these boundary conditions : reasonably 
high sensitivity, atomic numbe r resolution, lattice spacing 
resolution, low power requirements, rapid data accumu- 
lation, and simplicity of mechanical construction and 
operation. The primary objective has been the remote 
analysis of lunar material; however, the instrument also 
may have application in the laboratory. 
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2 . Choice of Instrumentation 

The use of a scaled-down version of a standard dif- 
fractometer for space flight was proposed by Dr, W. 
Parrish of Philips Laboratories (Ref, 1). This design was 
developed to the preprototype stage by Philips Electronic 
Instruments (PEI) of Mount Vernon, New York, and has 
since undergone further modification at JPL (Ref. 2). At 
one time this instrument was to be used in conjunction 
with a fixed channel X iay spectrograph designed by 
PEI, to give a complete chemical and structural analysis 
(Ref. 3). Ihe diffractometer, illustrated in Fig. 1, is a 
nonfocusing device and operates as follows: A stationary' 
line sotirce of X-rays (with suitable divergence collirna- 
tion) illuminates a powdered briquet sample located on 
a rotating axis, A photon detector (proportional counter 
tube) with a narrow entrance slit is mounted to rotate 
about the same axis, and the angular motions of sample 
and detector are correlated in a 1:2 ratio. The angular 
region of interest is scanned, and diffraction peaks are 
recorded as changes in intensity versus angle. 

Based on the method of focusing, diffractometers are 
classified into two categories: 

(1) Bragg focusing: The distance from the sample to 
the source slit is equal to its distanre from the 
detector slit. 


(2) Seeman-boV.m focusing: The source slit, the 
powdered sample, and the detector slit all lie on 
the circumference of the focusing circle. 

In Bragg focusing the detector moves in a circle with 
the sample at the center, while in the Seeman-Bohlin 
method the detector moves in a circle with the sample 
on the circumference of the circle. 

The PEI instrument uses Bragg focusing. Although this 
approach has been successful in retainirg a high level of 
intensity and resolution with only a fraction of the power 
and weight required by a laboratory diffractometer, the 
Seeman-Bohlin focusing principle lends itself to more 
efficient power use, a simpler mechanical design, and a 
more rapid analysis. In order to take advantage of these 
potentialities, a new instrument based c ^ the Seeman- 
Bohlin focusing principle was designed and breadboardeu 
at JPL. 

The JPL instrument (Fig. 2) is based on a fired source- 
sample relationship which allows a simple focusing de- 
sign. The conventional eman-Bohlin optics have been 
modified, however, by placing a line source directly on 
the focusing circle in a manner suggested, in 3957 by 
K. Das Gupta (Ref. 4). This arrangement provides the 
most efficient utilization of the source. The line source of 
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the focusing circle is imaged at points appropriate to the 
,arious lattice spacings by diffraction from a curved sam- 
ple, By means of a simple linkage, the detector is mad'' 
to rotate about the center of the focal circle and point a 
narrow receiving slit at the center of the sample, One or 
more fixed counters observe the source directly and are 
used for a iiondispersive chemical analysis. 

The advantages offered ky the JPL instrument are: 

(1) high diffracted beam intensity per pov/er input; 

(2) mechanical simplicity by decreasing the number of 
moving assemblies from two to one; (3) light weight; 
(4) adaptability to multiple detectors for a rapid dif- 
fractometer scan; (5) simultaneous chemical and diffrac- 
tion analysis, and (6) adaptability to several nondispersive 
counters “tuned” through an appropriate choice of win- 
dow mass and gas fill for optimum spectral response 
Items 4. 5, and 6 are important innovations for lunar 
applica f »on. 


3 . Design Considerations for the JPL Instrument 
(Diffractometer Portion) 

The requirements of line resolution and intensity follow 
a quasi-exclusion principle; i.e., their pioduct is roughly 
a constant. Given a particular design type, the choices of 
instrumental parameters which tend to increase one will 
decrease the other. In practice, a compromise is reached 
and ibis philosophy is applied here. 

The angular extension of the image of the source and 
the angular projection of the detector entrance window 
determine the resolution (defined here as D/AD, where 
D is the lattice spacing). These contributions are aug- 
mented sor ewhat by vertical diveigence (divergence 
normal to tl.e plane of dispersion), various alignment 
errors, sample penetration, etc. To be^in with, these 
latter effects will be considered negligible on the assump- 
tion that the over-all resolution required will not be too 






237 





JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV 



m 



high. They w-Jl be treated empirically from an experi- 
:ental viewpoint when necessary. 


Tht parameters to be ireaad ?^e (set Fig. 2): 

R = the radius of the focal circle 

ds = the linear extension of the source along the focal 
circle 

dl - the width of the receiving slit 

8 = the angular position of the source with respect to 
the sample 

X = the wavelength of the incident X-ray beam 

These parameters are discussed in terms of the disper- 
sion and the resolution of the instrument. The instrumen- 
tal variable is * , the angle from the center of the sample 
to a diffraction peak. It can be shown from Fig. 2 that 

* =. 2(0 + 9 - S/2) = 40 - S, (i) 


where (? is the Bragg angle of interest corresponding to 
a diffraction peak. Thus 0 is given by 


0 = 



(21 


From Braggs Law, the lattice spacing D is 

nX nX 

2sin# 2 sin [1/4 (+ -f S)] * 

The dispersion of the instrument is then 


(3) 


dD _ cD tiA cos [l/4(* 4- S)] __ nX cos 6 

c* 38 8 sin 2 [1/4 + S)] 8 sin 2 #* ^ 


Since * ■= a/R , where a is- the circumferential distance 
from the center of the sample to the diffraction peak, then 

8* = co (5) 


This factor of two is significant as it means that, with the 
same radius for both types of focusing, the diffraction 
peaks are more widely spaced out along the circle in the 
JPL machine. Alternatively, in order to give the same 
spacing, the PEI instrument must h.^e twa* the radius 
of the JPL mstre (7^’ nt with a subsequent los'* 7i iiiteusily 
because of the increased source to detector distance. This 
argument is important since the resolution of either in- 
strument is determined by extensions along the focal 
circle which cannot be made arbitrarily small. Note also, 
that for a given D, as A increases, 6 increases and cot 'i 
decreases. This is important because the finite extension 
of the sample along the focal circle imposes a lower limit 
on the 0 , hence an upper limit on the D which can be 
observed. These limits are eased by going to a longer 
wavelength of irradiation. 

The resolution of the instilment imposes a limit on the 
precision of the D value measurement. For present pur- 
poses the resolution is defined as D/dD. In the simplest 
approximation, D is a function of only 'S' and 8 given by 

D = /)(> M). (8) 

Thas, 

cP cP 

dD — — — cN + tt d<>. ^9) 

c$ cS 

Substituting from Eq. (2) r.nd Eq. (6) 

dD = - D/4 [cot 0 (dv -t- dS)}. (10) 


The angular extension of the receiving slit along the focal 
circle is given by 


f dl 

a* - , 

Hsm Y /2 


(ii) 


and the angular extension of the source along the focal 
circle is ge/en by 

d8 = ds/R . (12) 


and 


^2. I nA co s [l/4(* + 8)] __ D 

da R t * SR sir 2 [1/4(4- -h 8)] 4R COt *' W 


The value of cD/da for the PEI instrument is 


By differentiating Eq. (2) and using the last three equa- 
tions, the resolution can be expressed as 



tan# 



-~cota = 2 



( 7 ) 


4fl 

dl/siu (*/2) + ds 


ran d. 


(13) 
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From Eq. (h>h it is evident that high resolution Is 
achieved wita iarge R. large 9 (or A), and small dl and ds 
as expected. 

As a first approximation, the following parameters were 
chosen tor the instrument: 

dl — d? — } inm: R = ;.2.7 or (5 in. 5 = 30 deg 
with three possible wavelengths r-f hifraetion. 

A = 1.54 ACuKa; a = 2.74 ATiKa; a = 8.32 A AIK*. 

Table 1 lists some of the properties of the instrument 
with these parameters. 


Table 1. Angola* position, 0 s^acings, 
and esolutions 


. 

* 

*• 

CuK 

TUC 

AIK 

ASIA j 

D, ' 

A 

df, 

A 

0 

4 

dD, 

A 

A 

aD, 

A 

0/40 

■ 22 9 

13.2 

3.37 

0.174 

5.98 

0.307 

18.1 

0.933 

19.4 ; 

\ 45 . 8 

19.0 

2.37 

0.0489 

4.22 

0.0 <72 

12.8 

0.265 

48.5 j 

I 68.8 

U7 

1.85 

0.0226 

3.28 

0.1397 

9.95 

0.121 

82.0 | 

! 9 :j 

30.4 

1.53 

0.C137 

2.71 

0.0221 

8.20 

0.0670 

112 

114.6 

36.2 

1.31 


2.32 

0.0141 

7.05 

0.0427 

165 

; 137.5 

41.9 

1.16 


2.05 

0.0095 

6.13 

0.0268 

2*«0 

1 160.4 ! 

47.6 

— 

— 

. 1.86 

0.0068 j 

| 5.63 

0.0207 

272 

j 183.4 ; 

[ 53.3 

— 

— 

1.71 

0.0051 

5.18 

' 0.0155 

333 

! 206.3 ! 

| 59.1 

— i 

— 

1.60 

0 "039 

1 4 3 4 

1 0.0117 

413 

1 229.2 j 

64.8 i 

— ! 



1.51 ] 

! 0.CX/3C 

i 4.60 

1 0.0091 

505 

j 252.1 

7L._ 

— 

“ 

1.45 j 

| 0.0023 

4.41 

j 0.0069 

641 

1 275.0 

76.3 


ISL. 

i ! 

| 0.0017 

ij^J 

J 0.0052 

826 


The thre • wavelengths show some overlap in D value 
ranges. The choice of TiK<* seems to be a reasonable 
compromise between the range of D value to be covered 
and the cutoff at low ft. 


4 . Results 

The breadboard instrument shown in Fig. 3 was con- 
structed using the results outlined in the pre\ ous sections 
as a guide. The aluminum plate on which is mounted 
also provides shielding protection. It " w decided .to 
make all preliminary alignments and tt-.*,. nrements using 
quartz as a standard. This material has a wealth of dif- 
fraction structure. Although the instrument w zs planned 
for a Ti target tube, the long time required for procure- 
ment made it necessary to use a Cu target tube in the 
preliminary work. A Cu tube, identical in construction 
to the one used on the PEI instrument, was used even 



Fig. 3. Breadboard of combined 
diffracvometeMpectrometer 
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though this meant a loss of the low angle region. How- 
ever, this made it possible to make a more direct com- 
parison with :he performance of the PEI instrument. 

The initial results indicated a rather asymmetric line 
shape, poor resolution, unsatisfactory intensity, and a »ow 
signal-to-noise ratio. Fortunately, the instalment was pro- 
vided with sufficient flexibility. and these faults were 
quickly corrected. A large part of *he trouble was cured 
by controlling the beam divergence in the plane p< ^ 
pent 1 :ular to the plane of dispersion with Soller slits. A 


Table 2. Operating conditions 



- — 
rvb. 

»ar- 

9*1 

r— - 
Volt- 
'S*' 

lev 

•Cur- 

rent, 

mo 

Counter 

Scar 

speed, 

deg/ 

min 

Receiv- 
ing slit, 
in. 

tab diffractometer 
(Norelco) 

Cu 

40 

10 

Scintillation 


C.003 

i 

j 

PEI diffractometer 
(P3D> 

Cv 

25 

1 

Proportional 

0.5 1 

1 

0.006 1 

i 

S 1 

Focusing 

diffractometer 

Co 

25 

1 

Proportional 

2 ! 

iii 

odd 


radial Soller sli* was installed to give a better definition 
to the line focus, and scatter slits were used to eliminate 
extraneous signals A variable width receiving slit <_onld 
be used to -ary resolution, intensity, and szgnal-tu-noise 
ratio 

A systematic approach to alignment was developed 
as testing proceeded. Th«- cause of various undesirable 
features in a diffractogiam could be established and 
coi/ecteu. 

After a period of initial testing, a comprehensive study 
was made to compare the JPL instrument with the PEI 
and standard laboratory diffractometers. Tables 2, 3, 4, 
5 summarize these results. The focusing diffrac- 
torra te r has been operated at tirce values of receiving 
slit width (dl). A 400-mesh quartz sample was used in 
ad cases. 

The increased intensity with a receiving slit of 0.014 ir.. 
sacrifices too much resolution to be acceptable. A slit 
width Oi 0.(08 iii. may bt a good compromise. Fig. 4 is 
the focus »g diffracto .leter scan for dl ~ 0 008 ln. y Fig. 5 
is the dihraction scan by the laboratory instrument. 


Table 3. Intensity, counts/sec 


— 
Quartz peak. 

.... 

Laboratory 

Jiffractofflittr 

PEI 

diffractometer 

Focusing diffraclometcr j 


deg 

dl = 0.004 in. 

dl - 0.008 in. 

dl - 0 014 in. 1 

10' 

(26.6) 

2 020 

4,550 

8,200 

10,400 

12,200 ! 

M0 

(36.4) 

147 

345 

830 

1,390 

2,020 

112 

(50.1) 

252 

520 

1,000 

1,640 

2,600 

203 

(6* 2) 

106 

| 255 

43C 

720 

1.280 


Table 4. Signal-tc-noise 


— 
Quartz poak, 

Laboratory 

diffractometer 

PEI 

diffractometer 

Focusing diffractometer 


deg 

dl - 0.004 in. 

dl = 0.008 in. 

dl = 0.01 4 in. 

101 

(26.6) 

100 

60 

41.0 

26 

16 

no 

(36.4) 

17.3 ; 

8.5 

10.4 

9.9 

8.2 

M2 

(50.1) 

38.0 

14 

30.8 

27 A 

26 

203 

(68.2) 

19.4 

n.3 

23.0 

24.0 

21.2 

1 


Table 5. Resolution (half-width) 


Quartz peak. 
| Heg 

Laboratory 

diffractometer 

PEI 

diffractometer 

Focusing diffractometer 

dl -- 0.004 in. 

di = 0.008 ir, 

dl -- 0 014 in. 

f 101 j (?S.6) 

0.18 


0.29 

0.42 

0,61 

j 1 5 j; (36 4) 

0.18 


0.21 

0.2 4 

0.32 

1 1 2 j (50. 1 ) 

0.17 


0.19 

0.2'! 

U. 30 

j 21 lj (60.0) 

0.15 

0.28 

0.18 

0.20 

i 

0.28 
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SPECIMEN- QUARTZ 400 MESH 
SCAN UP: v^; 

TARGET: Cu, FILTER: Ni 

TUBE CURRENT’ 0.01 amp, TUBE VOLTAGE- 40 kv 

COUNTER- SCINTILLATION, 800 v 

PHA BASE, 3.0. WINDOW, 16.0 

SCAN SPEED: | deg/min 

CHART SPEED- 1/2 in/min, SCaLE 200 

DIVERGENCE SLIT' | deg; RECEIVING SLIT* 0.003 in. 
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EXCITATION: CuKa RADIATION AT 25 kv AND I mr, 
DETECTION: NE0N-l/4m«l IMTLAR PROPORTIONAL COUNTER 



DUNITE POWDER GRANITE POWDER 

Fig. 6. Nondispersive spectra with combined diffractometer-spectrometer breadboard 


The results have confirmed the design expectations. 
Poor performance at the quaitz 101 peak is due to use of 
Cu radiation instead of Ti, as previously discussed. 


The leasibility of nondispersive elemental analysis has 
been discussed in SPS 37-31, Vol. IV, pp. 273-277. In this 
design, the nondispersive spectrometer shares a common 
X-ray tube and high voltage supply with the diffractom- 
eter. It requires, in addition, a system of pulse height 
analysis for energy discrimination. The spectrometer is 
capable of detecting all elements present as major con- 
stituents from atomic number 11 (Na), and higher. Reso- 
lution of adjacent elements is difficult but can be assisted 
by the use of selective absorption filters. Fig. 6 shows two 
contrasting nondispersive spectra for elemental analysis 
obtained with the combined ’nstrument. 


5. Future P/ans 

The installation of a Ti target will he accomplished 
soon. It is expected that this will improve the resolution 
of die quart/, lines by putting th 'un in a more favorable 
angular region (Table 1). The upper region of the D 
spacing range will be extended and the low angle region, 
where sample scattering is excessive (Fig. 41, *vill be 
avoided. Preliminary tests indicate that the line intensity 
will remain high. It also is expected that the quantity of 


scattered radiation passing through the detector can be 
reduced by improvements in shielding. 

The low angle limit of scan of the JPL diffractometer 
breadboard is 24 deg (20), which for titanium radiation 
corresponds to a D spacing of 6.5 A. This compares with 
a scanning limit of 7 deg and a D spacing of approxi- 
mately 10 A for the PEI diffractometer. If the region 
above 65 A is considered sufficiently important geologi- 
cally, it may be possible to scan up to 15 A with the 
softer radiation from an aluminum target (Table 1). 

A further significant feature must be noted. The focus- 
ing diffractometer is scanned by moving only the detector. 
It is possible to mount a number of detectors, say eight, 
on the focusing circle, eau* one covering a portion of 
the scanning range with some overlap with its neighbor. 
The detectors would scan simultaneously. The normal 
scanning time for the JPL instrument is less than half that 
of the PEI instrument (Table 2). The combination of mul- 
tiple detectors and faster scanning is expected <c allow the 
ft-* using diffractometer to obtain a pattern in approxi- 
mately one-tenth the time requiied by the PEI diffrac- 
tometer, These same features, pins the intensity ratio of 
three in favor of the JPL design, would prjvide an 
energy (watt-hour) saving in spacecraft power of a factor 
of thirty. 

The authors wish to thank N. L. Nickle lor providing the standard 
diffractometer scan. 


A 
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XXIII. Communications Elements Research 

N65-32460 


A. Low-Noise Amplifiers 

C. r. Steizried, W. V. T. Rusch and M. S. Reid' 

I . 90-Gc Millimeter Wave Work, 

C. T. 5*e/zried and W. V T. Rusch 

The objective of the millimeter wave work is to in- 
v >tigate millimeter wave components and technique.’ to 
ascertain the future applicability of this frequency range 
to space -communications and tracking. This involves the 
development of instrumentation for accurate determina- 
tion of insertion loss, VSWR, power and equivalent noise 
temperature of passiv . elements, and gain and bandwidth 
of active elements at millimeter wavelength. Observa- 
tions of the Moon taken during the total lunar eclipse on 
the night of December 18-19, 1964 have been reduced 
and the data presented. The equivalent noise temperature 
of the calibrating noise source has been measured. 

In order to bring together stat« of-the-art millimeter 
wave circuit elements and evaluate their use in a system, 
a radio telescope consisting of a 60-in. antenna and a 
superheterodyne radiometer have been built (SPS 37-28, 

‘On leave of absence horn National Institute for Telecommunica- 
tions Research, Johannesburg, South Africa. 


Vol. IV, p. 147 and 37-29 , Vol. IV, p. 191). The radio 
telescope was used to observe the 90-Gc temperature 
of the Moon during the December 30, 1963 eclipse 
(SPS 37-26, Vol, IV, p. 181) and the most recent eclipse, 
December 18, 1964. These experiments were joint effoiis 
by personnel from JPL and the Electrical Engineering 
Department of the University of Southern California. 

a. Radiometer -wav*? guide calibrations . Data from the 
71 observations of the Moon during the total lunar 
eclipse on the night }f December 18-19, 1964 have been 
reduced (SPS 37-32, Vol. IV, p. 243). The data reductions 
were made relative to the gas tube. Fig. 1 is a block 
diagram of the millimeter radiometer. The “hot*’ loads 
are temperature-controlled with mercury thermostats, 

A breakdown of the waveguide losses is shown in 
Fig. 2. The terminations have measured thermal tempera- 
tures 7\ and T> The ambient temperature is T 0 , The 
waveguide losses (power ratio) are: 

L u = Loss from T, with temperature distribution 
from T, to T„. 

~ Loss from 7\ with temperature distribution 
from 7\ to T„. 
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Fig. i. Millimeter radiometer 


W HORN 


L A 



OUTPUT OF WAVEGUIDE SWITCH 



L a = Loss from the horn with conctan* temperature 
7’o to the output of the waveguide switch. 


The equivalent noise temperature difference (T* — T\) 
at the output rf the waveguid switch due to T 2 and T ; , 
accounting for the waveguide Ic sses and assuming a 
linear temperature distribution in L u and L 2l is (Ref. 1) 


(r 7 - T\) = 


_ logiog 


10 


(T S “ 


T \ 

0/ L 2l L 22 L 2l (db) 


“(T, 


To) 


Tn-1 1 

L„L I2 (db) J 


( 1 ) 


The losses were measured with the 90-Gc insertion loss 
test set (Ref. 2) to be 


Fig. 2. 90-Gc radiomater wavtguids losses 


L„ = 0.169db 
L J2 = 0.327 db 


L I3 = Loss from T x with constant temperature T 0 to 
the output of the waveguide switch. 

= Goss from T 2 with constant temperature T 0 to 
the output of the waveguide switch. 


- 0.156 d^ 

L 22 = ■ 0.376 db 
Substituting into Eq. (1): 

(r 2 - T\) = 0.9009T* - 0.9053T: + 0.00863T o . (2) 
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The "hot" wa.eguide terminations were used to deter- 
mine the equivalent noise temperature of ti:e noise source 
defined at the output of the waveguide switch. The 
rclary vane precision attenuator, shown in Fig. i between 
the side arm of the 10-db directional coupler and die 
noise _ >urcf% was set to 10 db for both the eclipse r.iesc- 
ureiiicr.s and the subsequent calibrations. The “not" 
load* each have two separate mercury thermostats. The 
calibrations were made with the nominal "hot" load tem- 
peratures given in Table 1. The temperatures were 
checked with thermocouples dining the calibrations. The 
rad'ometev output for the calibrations was displayed on 
a digital paper recorder. The digital recorder output 
difference {T'> — T',) (digital, average) due to switching 
the radiometer between T. and T, was determined by 
averaging the sequence of 10 measurements, each of 
which consisted of approximately 10 counts with 10 sec 
between counts. The* output due to the gas tube T K 
{digital, average) was determined in the same way, by 
turning the gas tube on and off sequentially. The equiva- 
lent noise temperature of the noise source defined at the 
waveguide switch output is: 

T, (^K) — T e (digital, average) 

(r a -T?(°K) 

— T\) (digital, average) ‘ ^ 


Tobic 1. Identification of '*iioT" load temperatures 


Test iaintification 
Co. 

Nominal temperature, S K 

T] 

Tj 

1 

40 

95 

2 

40 

U5 

3 

50 

145 

1 4 

50 

95 


The results of three separate evaluation sequences are 
given in Table 1. The averages and standard deviations, 
a are indicated by date and test number. The standard 
deviations are not affected by the test number but drop, 
significantly with the later dates. This could be because 
of increased care being taken v ith the manual waveguide 
switch, radiometer, and test sequence. Significantly lower 
standard deviations listed by test number, would indicate 
an error in the thermal temperatures. The over-all aver- 
age determined tro.r. the daily average -veijihte - by the 
square of the probable error is 126°K. This calibration is 
defined at the output of the waveguide switch. The meas- 
ured Moon temperatures also will be defined at this point 
To obtain the Moon brightness temperature, account 
must be taken of L M atmospheric lr Moon diameter, 
and antenna gain and beam width. Th >e effects are under 
investigation. 


2. Equivalent Noise Temperature of a Precision 
Waveguide Microwave Termination , 

C. T Sfeizned and M S. Reid 

a . Summary . The equivalent input noise temperature 
derivation for a cryogenic cooled waveguide termination 
is reviewed in this article>Tho effects of barometric pres- 
sure, ambient temperature and frequency are taken into 
account with the calibration formula 

V = T" -r g_P + b±T 0 -r t. * 

The terms are defined and derived in the text. Account 
is taken of both dielectric and waveguide wall conduc- 
tion losses in the frequency term. 

A description is given of a compact, precision WR-430 
waveguide liquid nitrogen cooled termination to be used 
primarily in the laboratory for calibration and evaluation 
of traveling wave maser amplifiers. L stalls are given of the 


fable 2. 90-Gc radiometer noise source evaluations 


1 

Th. °K 

Ten No. 

Date 

Averc<! y . 



Jsnuary 27, 1 965 

January 28, 1 V65 

r^bruaiy i , 1965 


1 

136.8 

119 9 

12b.? 

128.3 

7.84 

2 


1 19.1 

130.4 

124.8 

5.60 

3 

1 17.6 

111.3 

12/. 3 

UK.7 

6.62 

4 1 

1 20.9 

135.7 

123.1 

126.5 

6.49 

Average 

125.1 

121.5 

127.3 

124.5 

124.6^^-^^_ 


17 . 1 ] 

10.15 

8.86 ; 

| 2.63 
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calibration techniques. ~ he insertion loss measurements 
of the waveguide components are made to a probable 
error on the order of 0.0001 db. 

o. Introduction. Cryogenic cooled microwave termina- 
tions are used to calibrate the low-noise receiving systems 
; n use at Goldstcne. These calibrations are used i the 
radar-radio astronomy observation :nd spacecraft track- 
ing missions to determine system sensitivity', and also in 
data interpretation. Calibration precision and long-term 
stability are prime requirements for the termination. 

c. Calibration theory. The t quivalent input noise tem- 
perature T' for a transmission line of length / with an 
arbitrary' temperature distribution T f . (x) and loss T. inde- 
pendent of temperature with a termination at a tempera- 
ture T is (Ref. 1) 

V = TV- " - 2« J e-"' r - ■ T l (x) dx (1) 

where 

x ~ distance from termination 
a = attenuation constant 

2*1 - T— - ~ 0.23026L (db) 

10 log, ..c 

With a linear temperature distribution from 7 to 7’„ and 
loss L, on the first section of the transmission line and a 
constant temperature distribution T t , and loss L. in the 
second section of the transmission line 


r"// — loss tangent 

c 

fc = cutoff frequency - — 

c = propagation velocity ~ j X 10 ln cm sec 
f = operating fren’uncy 

Differentiating with re. pec t to / (assuming r" z con- 
stant over n small frequency range and dividing by a d ) 



Similarly for the wall losses for a rectangular wave- 
guide operated in the TE,„ mode ( SPS 37-32, Vol. IV. 
P- 247) 



The calibrated termination equivalent noise tempera- 
ture can be presented to a good approximation assuming 
small transmission line losses in the form 

r - T" + (lAP -■ /ui\ - c±f (8) 

where 


V - 7 - (T„ - T) 


1 - 


(L, -- 1) 10 log, i, {✓ 

L^LXT db) 


(21 


With small losses, this can he approximated to good 
accuracy by 


V - 7 - 0.23026 (T.. - T) 


x[^(db) + L (db) - (£)’ (db: 

- (■y)( dfc ) - y(db) L. (db)l (3) 

Eq. (3) can be written 

r := T 4 (T„ - T) L„. (4) 


A rectangular waveguide operated in the TE,„ mode has 
dielectric losses given by (Pef 3) 


kr"/ 

211 


(5) 


where 


k - 2 »/(,«)■* 


P = 760 + AP 
T„ - 273 4 AT,, 

f = 1 > ~ 


T" + T (760) 4 [273 - T(760)[ L„ 
a = pressure coefficient of cryogenic liquid (°K.irm Hg) 

b =- L„ 
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with 

T (760’ -- crvogenic liquid temperature at 760 mm 

Hg ( K) 

\L t )a db) — component of loss L t due to dielectric 

tLjO(db) =- component of loss L due to dielectric 

(L,). (db) = component of loss L, due to wall conduc- 
tion losses 

\L.) t (db) = component of los=> L . due to wall conduc- 
tion looses 

L --- ~ (db) - /,, (db) - (^) (db) L - (db) 

= nominal evaluation frequency 

d. WR-430 waveguide liquid nitrogen cooled termina- 
tion, A compact precision WR-430 \va\eguide liquid 
nitrogen cooled termination is under construction for use 
in calibrating low-noise receiving systems. The principal 
components are shown in Fig. 3 and described here. This 
termination should be especially useful for maser ampli- 
fier evaluations in the laboratory The 5-liter Dewar has 



INCHES 

Fig, C, WR-430 waveguide liquid nitrogen cooled 
termination assembly and Dewar 


an operating life of 5 hr without the termination. The 
corresponding operating life with the termination in- 
stalled should approach several hours. A coaxial termi- 
nation is used to insure that the load element is ac the 
temperature of the cryogenic liquid. It is possible to hace 
some heating of a waveguide termination due to infrared 
radiation and conductive heating. The aluminum mount- 
ing plate will be heated to maintain a constant tempera- 
ture on this portion of the wav "guide and to prevent 
cooling and possible dew formation. 

Since the insertion loss measurements are particularly 
important in the equivalent noise temperature evaluation, 
considerable effort has been expended to achieve maxi 
mum accuracy. The insertion loss is determined (Ref. 2) 
by measuring the difference in signal level due to the 
unknown. Ihe calibration heads (big. -*/ mated to 
produce the reference signal level and the unknown is 
inserted between the heads to produce the difference 
rignal level. The neads are matched with a reflectometer 
tuned with a precision WR-430 waveguide sliding termi- 
nation. This process is repeated a number of time 5 and 
an average taken. Statistical methods may be applied to 
the data to estimate measurement errors. The VSWR 
looking into each head is better than 1 C05. In a series 
of measurements, the first and l. t st measurements are not 
equally weighted when an a' crag*' is taken of the differ- 
ences. A better way to average the sequence of measure- 
ments can be derived using the least-squares method 
(Ref. 4). If a constant L, 2 is added to each power level 
measurement with the unknown disconnected and the 



Fig. 4. Calibration heads of insertion loss test set 
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same constants subtracted from each power level mea- 
surement with the unknown connected, the standard devi- 
ation t t of the measurements from the best-fit straight 
line, a + bx is 


2f 


(<d J 


( T > . v . v / l y 

l y ■ ~ a - bx j - ^ ( 1 / ~ y - « - WX J 




where 

o = the odd measurements (unknown disconnected) 
e = the even measurements (unknown connected) 
m — total number of measurements 

Differentiating with respect to a , h, and L equating to 
zero, 

2 \y -r ' - fox^ = o - 2 ^ ~ - a - fox^ 

2 * (y ^ y - - « - fox^ = o - 2 ■’ ( y - -t ' a ~ 

2 (y - y - « - fox^ = o ~ 2 _ - a - fox 


-5 — am , - fo 2 x = 2 !/ 

1 ^ 2 * - 2 *^ +a2* + fo2x' = 2 

j-ra + b^x ~2x) = (2y-2y)] 


*y > 


Solving for L, 


L ~ 2 



2 v 


m 

2* 

1 




2-x 

2*- 


0 - 

(?»- 


1 

(?‘- 

VA 


- 1 


m 

2* 




2*\ 
' / 

2x 

2-x J 



— m 


l 

(?- 

V) 


(ID 


(12) 


In this solution the values of x are the measurement 
numbers which are equally spaced. A simplification can 
be made for this situation if the middle measurement 


number is chosen as the origin so that the summation 
of all odd powers of x is zero. Then 


(m - 1, 2 (m - 1 - 1) 2J 

2y 2y 


r?t - 1 


2g 


The probable errors of the data points are 


(13) 


PE vr = 0.6745 yj 


l / L \ ’’ 

|2( y -f y ” G “ bx ) 

(m -r IT *2 - 1 


p/v = 0.6:45 \ / -s-A 


(14) 


(m - 1) . 2 - 1 


The probable error of L, the mean insertion loss, is found 
by expanding L in terms of the coefficients of the data 
points and summing (Ref. 4, p. 229) to be 


PE r 


V 


(FE„J J 


(in 4- 1) '2 


(PE,„y 

(m — 1) 2 


(15) 


Ecs. (13), (14), ana (15) have been programmed for 
the 1620 computer- and are used with the insertion loss 
measurements data reduction. If the probable errors in 
Eq. (14) are significantly different, a fault is indicated 
in one of the transmission line connections. The probable 
errors given by Eqs. (14) and (15) are due only to the 
random measurement errors and do not indicate bias 
or nonlinearity errors. 


Several sets of measurements were made on various 
waveguide sections for the calibration of the cooled ter- 
mination. Each transmission line section (Part Nos. 226 
and 239) shown in Fig. 3 was measured, as well as a 
section of copper v'aveguide (Part No. 240), and various 
combinations of Nos. 239 and 240. The insertion loss of 
Nos. 226 and 239 is fundamental to the calibration of the 
cooled termination. No. 240 was examined so that a sili- 
cone grease film and a Mylar window could be evaluated 
in conjunction with No. 239. 


‘Lois Buscli of JPL programmed the 1620 computer for the inser- 
tion loss measurement data reduction. 
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No. 226 is a stainless st^vi WR-430 waveguide sec- 
tion 4 0 in. long. It has a wall thickness of 0.025 in. and 
coppev plating and gold flash on the inside of 0.000120 
and 0.000010 in., respectively. It is filled with a half- 
vavelength piece of polystyrene foam. The VSWR of 
this section is less than 1.005. The polystyrene window 
is required to prevent moisture condensation which will 
form on thin membrane wir.dow r s. No. 239 is a 4.0-in. -long 
brass waveguide section with an irridite plate. No. 240 
is a 4.0-in.-long copper waveguide section. 

The following insertion loss measurements were made: 

Part Nos. 226, 239, and 240 alone. 

Part Nos. 239 and 240 in combination. 

Part Nos. 239 and 240 with a 0.00 1-in. -thick Mylar win- 
dow between them. 

Part Nos. 239 and 240 with a thin silicone grease film on 
their mating flanges. 


TaMe 3. Insertion loss measurements: Set No. 1 at 
2295 Me; WR-4-30 waveguide section; Part No. 239 


Ratio, R 

y, db 

Difference from 
straight-line fit, 

db X 10‘ 3 

Insertion loss 
L. db 

0.99558 

0.038476 

-0.6689 

0.002 T 9 

0.99526 

C.041268 

0.2622 

0.00271 

0 99557 

0.038563 

0.3430 

0.00183 

0.995:6 

0.040395 

0.3142 

0.00270 

0.99567 

0.037691 

0.3953 

0.00105 

0.99555 

0.038738 

'0 4190 

0.0C253 

0.99584 

0.036208 

-0 16k0 

0.00192 

J 995 ' ? 

0.0*8127 

| -0.1049 

0 00262 

J 99592 

0.C35510 

-0.0641 

0 00174 

0 09572 

0.037254 

-0 0526 

0.00270 

0.99603 1 

0.034551 

0.0295 


Straight-line constant*: 
Mean insertion io«- 

a — Q.038C db. b ~ 
L - 0 00232 db 

-0.00462 db/No, 

Probable errors- Pi'y.. 0 00026 db 

pry, “ 0.00020 db 
PtT. = 0.00014 db 



On each unknown, 5 sets of 11 measurements were 
made. After every set, the match of each cal bration head 
was checked and corrected if the VSWR became 1.005 
or woise. The flanges of the calibration heads and of the 
unknown were lapped after ever)’ set as well. A I of 
the waveguide flanges were pinned, except the stainless 
steel section. No. 226. 

Table 3 shows a typical insertion loss measurement set 
taken ju Part No. 239. This table is also the format of 
the computer output. The first column lists the readings 
taken The y values are these ratios converted to 
decibels by 

y — — 20'iOgn.R. (16) 

Tlic ihird column shows the difference of each y value 
from the ?tra : ght line fie, and the last column is the inser- 
tion loss in dec bels for each pair of readings. The prob- 
able errors iro.n Eqs. (14) and (15) also are shown. 

The averages for the five sets of independent measure- 
ments for Pa ] 't No. 239 are shown in Table 4. The mean 
insertion loss for each set L, through I r „ is shown as well 
as the best- at straight line constant'* and the probable 
errors of the odd and even y values, and, finally, the 
probable error of the mean insertion loss of each set. 
The wxighjed mean of the insertion loss is then found 
with the probable error of each set used as a weighting 
factor, and the grand_ mean L x is shown in Table 5. A 
non weigh ted mean, L-j, of L l through L 5 also is shown 
in Table 5, with the associated probable error. The aver- 
age measured insertion loss of each se* is shown graph- 
ically, with a horizontal bar, in Fig. 5. The associated 
probable errors are shown as vertical lines. The grand 
weighted mean L, and its probable error are shown. 

Measurement time is approximately 3 hr for the five 
sets of readings required for a grand menu. 

Table 5 summarizes the various insertion loss measure- 
ments. It may be seen that the weighted insertion loss 


Table 4. Mean insertion loss of waveguide Part No. 239 at 2295 Me 


Set Kc. 

Mean insertion 
loss L, db 

Straight-line constants 

Probable errs.. 

o 

b 

Pfy tl , db 

P£y„ db 

r ^ 

per, db 

1 


C.0380 


0.000267 

0 00020 

0.00014 

2 

0.00259 

0.0327 


0.0002*0 

0.000 1 09 

0.00011 

3 ’ 


0.0321 

| 


0.000157 

0.000175 

C.00010 

4 1 


0.0319 


0.000167 

0 000066 

0.00007 

5 

0.00249 

0.0294 | 

-0.000266 

0.000169 

0.000094 

0.00008 
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Table 5. Summary of insertion loss measurements at 2295 Me 


Description 

!*• ..'irticn ios: 
r„ db 

Probable error of L u 
db X 10' 4 

Insertion loss 
L-, db 

Probable error of L?, 
db X 10" 4 

Pott No. 226, WR-430 slain- 
iess ste-'l waveguide section 

0.00689 

0.40 

0.00689 

0.26 

Pert No. i 39, WR-430 Drass 
waveguide section 

0.00239 

0.42 

0.00239 

0.42 

Part No. 240, WR-430 copper 
waveguide section 

0.00123 

; 4o 

0.00126 

0.34 

Sum of Part Nos. 239 and 2^0 

0.00362 

0.5o 

0.00365 

d 

Part Nos. 239 ond 240 
in combination 

0 00361 

0.47 

0.00360 

0.34 

Part Nos. 239 and 240 with 
Mylar window 

0.00422 

0.45 

0.00423 

0.34 

Part Nos. 239 and 240 with 
silicone gruase 

0.00355 

0.35 

0.00349 

0.35 



Fig. 5. Insertion loss measurements of Part No. 239 
at 2295 Me 


Li is very close to the nonweighted insertion Io<s L 2> and 
differs at the most by only a tew parts in 10\ The prob- 
able errors of Li and L z are essentially the same which 
is expected as aming only random measurement errors. 
If the probable error cl L, was appreciably greater than 
L : , bias errors would be indicated for some of the indi- 
vidual sets 

The insertion of the brass waveguide section 

No. 239 1; shown to be 0.00239 db with a probable error 
of 0-12X 10 -4 db md the insertion loss of the copper 
section No. 240 is 0.30 J 23 db with a probable error of 
0.40 X 10 4 db The sum of these two insertion losses is 
0.O0362 db with their probable ertors combined as 


0.58 X 10~ 4 db. This figure of 0.00362 db must be com- 
pared with the measured value of the insertion loss of 
Nos. 239 and 240 in combination, which is 0.00361 db— 
a difference cf 10~ 5 db. It must be noted that the differ- 
ence in Ln values is 5 X 10 -5 dh. The probable errors of 
the lurtiS are somewhat higher than the probable errors 
of the < ,‘ombinations, as expected. 

The theoretical insertion loss for No. 240 (copper wave- 
guide 4 in. long) is (Ref. 5) 0.00091 db. This theoretical 
value does not account for surface roughness and metal 
impurities and nonhomogenity. A correction estimate for 
surface roughness increases the insertion loss by 15% 
(Ref. 6) to 0.00105 db. This agrees with our measure- 
ment within 0.00G18 db. 

Part No. 240 was then used in conjunction with No. 239 
to evaluate a 0.00 1 in. -thick Mylar window. This material 
is presently under consideration as ail additional window. 
Table 5 shows that the excess insertion less due to the 
Mylar window is 0.00061 db with a probable errer of 
0.65 X 10' 1 db. 

A thin silicone grease film is required between the 
flanges of the waveguide sections of dissimilar metals 
in the cooled termination. This film helps prevent c^ro- 
sion wliich, with time, changes the insertion lev 
hence the calibration of the termination. The eft . 
a silicone grease film between the flanges of Nos. 
and 2^0 was investigated. The results, presented 
Table 5, show that: (1) the effect of the film on the insc* 
tion loss i* negligible, and (2) the insertion loss appears 
to drop when the grease is added. The lower insertion 
loss in (2) may be apparent, and explained by the spread 
of the probable errors. On the other hand, the effect may 
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be real and the insertion loss lower owing to the high 
dielectric content of the grease filiirg the low spot* in 
the *lange faces and thus decreasing the ieactauce. The 
average of the probable errors of the measured values 
of L x from Table 5 is 0.42 X 10 *. 

It may be concluded, therefore, that ii statistical 
methods are used with a sufficient number of observa- 
tions, and if the measurement procedure is carried out 
as described in this report with the indicated precautions, 
Tien insertion loss can be measured with a piobable error 
of 0.4 X 10 4 db. This does not include the bias and non- 
random errors. It is anticipated that the WR-430 wave- 
guide liquid nitrogen cooled termination can be cali- 
brated to an over-all accuracy of better than 0.1°K. 


N65 ~ 32461 

B. Solid-State Circuits 

R. Brantner 

1. Summary 

Some insulated-gate held effect transistors (IGFET i 
have been tested to determine their potential use as 
voltage-controlled resistors. A voltage-tunable filter using 
these devices has been constructed and tested. 

2. Test Results 

Four IGFET, Type 2N3G09 (GME),’ have been ob- 
tained for experimental purposes, t he 2N3609 consists 
of two isolaied IGFET in a TO-5 package; they are 
P-channel devices that operate in the enhancement mode. 
Each unit was checked to determine the variation of dy- 
namic channel resistance versus control voltage for each 
■V-2N3609 and the degree of tracking between the two 
halves of each unit. A typical curve of dynamic channel 
resistance versus gate-U>-channel (contrc 1) voltage is 
shown in Fig. 6. Threshold voltage fell between —3.0 
and -3.5 v for all units, and the dynamic resistance 
could he varied from well over 10 MQ to approximately 
300 fl. The tracking error of each unit was calculated 
Rom die dynamic resistance (r,,,) of each half using the 
relati rnship: 

tracking error — — X 100% 

r, v_> 

"Gent 1 al- Micro Electronics. Inc., Santa Clara, Calif. 



0 -4 ■ -8 ~\Z -16 -20 -?4 


GATE-TO-CHANNEL VOLTAGE, V 

Fig. 6. Dynamic channel resistance versus gate voitage 

where r (hx was taken to be the higher of the two resistance 
values. A plot of tracking error versus gate-to -channel 
voltage is shown in Fig. 7. As can be seen, tracking is 
fairly good above —5 to — 6 v of control voltage. This 
corresponds to a typical resistance range of about 300 o 
minimum to a maximum of 2.5 to 7 k< 2, depending on the 
individual unit. 

Using the remits of these tests, two units having ap- 
proximately the same resistance versus vohage Gutrac- 
tcristics were used to vunsmict a parallel-T filter, the 
schematic of which is shown in Fig. S. The four samples 
on hand comprised two fairly well matched pairs. The 
1-Mn resistors in the gate circuit* were introduced to 
minimize the effects of channel-to-gatc capacity. Since 
the construction of an IGFET is essentially that of a 
capacitor, care must be taken to prevent static charge ; 
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GATE-70-CHANNEL VOLTAGE, v 

Fig. 7. Tracking error versus gate v^Jioge 


\i< in building up on its gate; failure to take proper pre- 
cautions can easily result in the destruction of the tran- 
sistor. The lOG-ku resistor across the control voltage 
terminals prevents such a static charge accumulation. 

Using various values of capacitors in the filter, tuning 
ranges of more than *200:1 were observed, and usable 
charactei istics were obtained ai frequencies as high as 
5 Me. It proved desirable to use h load impedance of a 
level much higher than the highest dynamic channel 
resistance that was expected over the tuning range of the 
filter. With an appropriate set of capacitors, as shown in 
Fig. 8, the response of the filter wa 3 measured with the 
filter tuned to 500 and 50 kc. The response curves, nor- 
malized to the center frequencies are shown in Fig. 9. 



0.1 0.2 nT"' 0 6 1.0 2 4 6 !C 

' t '•a ft LIZ ED FREPUENCY 

Fig, 9 Filter response at 50 and 500 kc 


N fc? 32^62 



C.OGi uf C.OOl 

Fig. 8. Voltage-tunable parallel-T filter 


C. Optical Communications 
Components 

W. H. Wells 

?. Variable Q Optical Resonators Havii ^ Tilted 
Mirrors for Far Infrared Laser 

The studv of optical resonator modes, reported previ- 
ously in PS 37 29 and 37-30, \ T ol. IV, has been com- 
pleted. The purpose was to find the shape frequency, 
and output coupling of the normal modes of an optical 
resonator consisting of two Hlted plane miirors. The 
pertinent inodes are thin fringes, close to the pair of 
opposing mirror edges, that are spread farther epart by 
the tilt. This resonator is espee^dlv suited for intercept- 
ing a molecular beam with optica gain m the far infrared 
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and foi p/miding an oscillation wifi output coupling, ir< 
the form M radiation, which spills over v be edge of the 
shorter mirror. 

Previous studies found the lowest order modes, i.e.. 
iLM , for tilt angles inquiring from 3 to 2P'f net gain 
pei p<ij»i, reach w>c illation iimshoid. This gam require- 
ment is the same as the percentage of power that leaves 
the resonator pei pass between mirrors. Now, with the 
aid of an improved computer program, there base been 
found all of the first thru, modes for eight values of 
P : ft (b a) 1 - (h — mirror separation, a = tilt angle, 
\ --- wavelength) la.iging from 10 J to 10 \ The TEM, 
and TEM.. inodes have gains only very slightly higher 
that, the TEM.. The more interesting results are mode 
shapes and frequency shifts. As could be expected, the 
TCM; mode has two bright tringes that straddle the posi- 
tion m the single TEM.. fringe. Similarly, the TEM., node 
has three fringes that straddle those of the TEM,. :n all 
eases there u?e many small intensity maxima hrther 
from the edge of f be mirror which represent large uigle 
diffraction from the edge (side lobes \ 

To desen tie the frequence shifts, it is convenient to 
consider an imaginary transverse mode that corresponds 
to the limiting lavs of geometric optics which tojch the 
output edge of the shorter mirror, bounce off ti e larger 
mirror at normal incidence, and then return to the out- 
- a! edge. The various longitudinal modes that fallow this 
r, t y would have frequencies that are multiple s of c 2b, 
the reciprocal of the tine a light pulse requires for a 
round trip. The frequencies of real modes will be referred 
to this value. They are all slightly higher since real fringes 
occupy a finite width back from the edge where the 
spacing between mirrors is slightly less. T he frequency 
shift fer each mode is given by 


where (8 - - 4) is the phase shift that occurs when the 
transverse mode is propagated through one round trip 
hi '“en mirrors by means or the standard integral of 
Huvgtm -Fresnel scalar diffraction theory. The frequency 
shift of a i/M mode is approximately described by the 
empirical forum! 

^ p/.d to 0.3) (n -r 1) 

4 " 5,1 "" (i^en'OTiT 'n-20) 

ior small n (say 0 to 3) and for tin range M) - r" 10 
Tin* threshold gains fit the empirical f orm 

(C - 1)( 100%) ^3000 700/X 


to an accuracy of —2? to: n 0. 1. and 2. To this ac- 
curacy, C is independent of 

Tv picul amplitude distributions for TEM,, inodes were 
shown in the earlier reports. As examples of higher order 
modes. Tigs. 10 and 11 show the amplitude distributions 
1'^ {y)\ for the third mode (TEM.l with p : 10 - and 10 1 



Fig. 10. Amplitude distribut on of TEM_. mode with 
P = 1.00 x 10 J f G — 1 ~ 3.1 %, 8 — - 0.064 rad 



Fig. 1 1 . Amplitude distribution of TEM. mode with 
p -- l.oc X 10 l , G - 1 = 39.9%, 8 = 2.44 rad 
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As before, tj ~ 2 r«x a. a dimensionless measure of dis- 
tance from the mirror’s edge. These two modes have 
threshold gain requirements of 3 and 40°\ respectively. 
All gains and frequency shifts as functions of p arc sum- 
marized in Figs. 12 and 13 which are plots of (G ~ 1 ) p 
and (t r 4 4- S) (n 4 IF respectively. The shapes of modes 
are summarized in Fig. 14 which gives positions uf the 
centers of the main fringes of the three modes as a func- 
tion of B. Scatter of points represents lack of piecision in 
defining the quantities plotted, not the accuracy of solu- 
tion of the eigenvalue problem. The positions are given 
in units of yB~ u - = 2-a'\ X *x t because the positions are 
approximately stationary when expressed in this modified 
dimensionless form. The positions punted are not the 
maxima of | * (:/) | , since this function is complicated by 
fine structure . Instead, sketched smooth curves over 


tiic graphs of |4'(i/)|, and estimated their maxima. 
Fig. 14 also gives the extent of appreciable power in the 
modes in the form of a quantity called the “intercept.” 
In all cases, it happens that the trailing edge of the inner- 
most fringe is almost linear (with fine structure) on an 
amplitude plot of |*(i/)| (quadiatic intensity drop-off). 
The intercept is the point where a straight-edge fit to this 
slope intercepts the y axis. 

The successful computer program is a slight modifica- 
tion of the interference method discussed in SPS 37-30. 
Vol. IV. The mathematical procedure corresponds to a 


* Wiley Bunton of JPL programmed this problem for the IBM 
7090, and modified the program for the various convergence 
techniques. 



Fjg. 14 . Principal fringe positions (solid lines) and intercepts (dashed lines) for TEM„, TEM, f and TEM. modes os 
a function of ft; I -- intercept; - position of successive intensity maxima 
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simple physical idea. Light extracted from one mirror is 
superimposed upon light extracted one round trip later 
(time 2b/c), but with a phase shift introduced so that a 
troublesome mode is eliminated by destructive interfer- 
ence, leaving only the desired mode. 
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D. Antennas for Space 
Communications 


A. Ludwig 


Formally, a round trip or the light corresponds to one 
iteration of the basic integral equation for light diffrac- 
tion from the mirror: 


i: 


K(y , s) (s) ds = A *i.,, 

0 /-*)*“ 


where K = exp / - (y r s) + J . 


( 1 ) 


When a normal mode is found, ♦ , = and A is the 
oomplex eigenvalue which gives C and $ the required 
gain and frequency shifts (in units of c/2b) of the mode: 


1 . Gain Loss Calculations 

a. Summary. The change rate of gain loss due to phase 
errors with respect to frequency is investigated as a func- 
tion of totrJ gain loss. Upper limits on this slope are pre- 
dicted and related to physical deformations in the system. 

b. Aialyds, The gain efficiency of a radiating aperture- 
tyot antenna is, in general, a function of frequency. This 
dependence can arise due to the amplitude distribution 
over the system varying with frequency, or becaus? of 
physical deformations which generally have a more 
severe effect as frequency increases. An interesting ques- 
tion concerns the rate at which loss may vary with fre- 
quency. Usually phase effects will predominate, and we 
will consider this component of loss only. 


.(§ )**P 
A Ge» ’ 

Now consider the (open-ended) integral operator 
— A'+ &K(y.«)l. 


Consider a radiating system which has a resultant 
phase at the point of maximum gain of a deg. Assume 
that there is some effect which causes a certain percentage 
of energy to change phase with respect to the remainder 
of the energy, by an angle B (Fig. 15). The resultant am- 
plitude r is given by 

r 2 = a 2 + 2 ab cos /? + b 2 . (1) 


When A' = A„, the eigenvalue of the nth mode, this 
operator gives zero when it operates on the nth eigen- 
function Therefore, we used it as an annihilation 
operator with various values of A' to eliminate trouble- 
some modes from an arbitrary function. The resulting 
function then became the starting function for the normal 
iterative process Eq. (1). For example, in finding a TEM 2 
mode the annihilation operator was applied with three 
values of A', namely the eigenvalues of the TEM 0 . TEM,, 
and TEM, modes. Higher inodes decayed rapidly upon 
iterating Eq. (1) because there was not room for all 
their fringes to fit on the range of integration (corresponds 
to a strip mirror of restricted width). Of course, the 
eigenvalues were not known exactly, especially the TEM 3 
values that were beyond the scope of the program. Never- 
theless, reasonable guesses could be made from the 
semisuccessful programs discussed previously, and by 
extrapolation. Where there was considerable doubt, the 
annihilation operator became a “suppression” operator 
and was applied repeatedly until the undesired modes 
were reduced by factors of 10' 3 to 10‘ 4 . 



The loss in decibels with respect to the in-phase condi- 
tion ft — 0 is given by 


r a 2 + 2abcos/? + b 2 „ 

L ~ l01ogl ° a’ +2 flfc + b* db (2) 


and 


dL 2absinp , , ... 

dp~ 4,3429 a 2 + 2ab cos p + b* db/rad ' ® 

Values of dL/dfi versus L are shown in Fig. 16 for various 
values of b and ft where the restriction a 9 + b 2 = 1 has 
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been imposed. It is seen that there is a limit on ?L;rB for 
a given loas, corresponding to the worst-case combination 
of b and ft. Thus, for example, a system with a 1-db 
loss relative to zero phase loss cannot vary more than 
2 V\ db rad change in ft. 


Suppose that physically the phase error is caused by a 
path-length error of X in. between one portion of the 
energy and the remainder of the energy. Then 



2tX 

—■f 




<X_c/J ?_L -2-X?L 

rf cf eft C (ft 

* = 2 - — — 

?f \ ?p 


(5) 


( 6 ) 


Fig. 17 shows f (cL rf) v' ,r «us L for various values of X 
The value of Fig. 17 is the ability to determine m.nlmir.n 
physical errors which must be present to produce a given 
slope f(?L if) at a given loss L. For example, Ihree 
points have been plotted from a 22-Gc gain calculation 
(SPS 37-33, Vol. Ill, p. 69). The two points at 1 5- and 
3-db loss are theoretical, based on a surface with a full 
path length enor of 0.052 and 0.080 in. RMS deviation 
from a perfect paraboloid, respectively. The minimum 
physical error predicted from Fig. 17 is 0.10 and 0.12 in., 
respectively. This relates well to the assumed RMS since 
there must be peak-to-peak errors on the order of 0.104 in. 
to produce a RMS of 0.052 in. The third point is based on 
experimental data, and indicates a minimum error of 
0.41 in. in* the system. 


2. Anfenna Feed Research 

a . Summary. The theoretical limits on the performance 
of multimode feed horns are investigated, and the cur- 
rent state-of-the-art in experimentally realized multimode 
horn patterns is presented. 

b. Introduction. The performance of a paraboloidal an- 
tenna is quite sensitive to the illumination provided by 
the antenna feed system. Feed efficiency is conventionally 
defined as the ratio of gain provided by the given system 
to the gain if the aperture were uniformly illuminated. 
A major purpose of antenna feed research is to increase 
feed efficiency, thereby increasing the gain of a given 
antenna. One approach to this end is the multimode horn, 
a feedhorn utilizing the radiation patterns of higher order 
waveguide modes (SPS 37-19, Vol. IV, pp, 190-196). 


c. Multimode horn study. Multimode horn research is 
concerned primarily with: 0) the determination of maxi- 
mum performance potentially available from multimode 
feed horns, and (2) the realization of this performance. 

The question of optimum performance may also be 
approached using spherical wave theory. It can be shown 
that the maximum order, /V. of spherical wave which may 
eminate from a given object which can be enclosed in a 
sphere of radius R, is given by A 7 < kR where k is the 
free-space propagation constant (SPS 37-24 , Vol. IV, 
pp. 150-154). Fig. 18 is a plot of the maximum efficiency 
available from this limited number of spherical waves 
versus D/A, the diameter of the object in free-space wave- 
lengths. It is seen that it is theoretically impossible to 
reach 100% efficiency with a feed system of any type, of 
finite size (with the assumption of N < kR). The combi- 
nations of spherical modes yielding maximum efficiency 
for au illumination edge half angle of 15 deg are shown 
in Fig. 19 for N = 15 and N — 25, corresponding to 
D A of 4 7 and 8.0, respectively. 



Fig. 18. Theoretical limitation on efficiency versus 
feed system diameter 
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To determine* maximum performance available from 
multimode horns, linear combinations of radiation pat- 
terns of cylindrical waveguide modes, for D. \ apertures 
of 4.7 and 8.4, were input to a computer program which 
determines efficiency (SPS 37-26, Vol. IV, pp. 200-208). 
The combinations were then empirically optimized. Opti- 
mum two-, three-, and four-mode patterns are shown in 
Fig. 20, The resemblance between the spherical mode and 
multimode horn dual- and four-mode optimum patterns 
is quite striking, and illustrates the fact that a multimode 
horn is an excellent means of realizing the theoretical 
maxi mu ms predicted by spherical wave theory. 


The optimum two-mode pattern closely resembles the 
pattern of the dual-mode horn currently in use as a JPL 
feed (Ref. 7). 

Realization of good thiee- and four mode horn patterns 
has been the subject of research effort for some time. A 
tri-mode horn with good efficiency has been previously 
realized, (SPS 37-26‘, Voi. IV, pp. 207-208) but . 
efficiency maximizing at an lllumim. ' ion angle of 24 a-v,/ 
much too wide for JPL Cassegrainiau systems, xiecenln 
a four-mode horn with good patterns has been obtained. 
Fig. 21 shows the four-mode horn amplitude and phase 
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Fig. 22. Four- mode theoretical optimum pattern compared to experimental pattern 
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patterns, and Fig. 22 shows a superposition of the realized 
four-mode pattern and the optimum (calculated) four- 
mode pattern. The only appreciable difference between 
the realized and the optimum pattern lies in the spillover 
region. Unfortunately this difference is enough to cut the 
efficiency to the point where the usefulness of the horn 
is debatable; the broadened pattern would require a sub- 
reflector subtending a 17-deg half-illumination angle, 
whereas the current JPL systems utilize a 14^-deg sub- 
reflector. Efforts to narrow the pattern by the usual means 
of increasing the horn aperture size have been unsuccess- 
ful. Apparently the phase error across the aperture is so 
severe at this size that increasing the aperture causes 
more broadening due to phase error than narrowing due 
to the larger size. The same aperture phase error is almost 
certainly also the cause of the increased spillover. 

Fig. 23 summarizes the efficiencies of the patterns dis- 
cussed so far. Patterns are evaluated on the basis of 
optical reflection from a hyperboloidal subreflector with 
approximately a 15-deg edge angle. The tri-mode horn 
was scaled from a 24-deg angle to a 15-deg edge angle. 
It is now clear that this scaling is not easy to achieve in 
practice, and pattern degradation does occur due to in- 
creased aperture phase error. Therefore the values given 
for the tri-mode are artificially high. The dashed areas 
above the tri- and four-mode horns represent efficiency 
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if the phase patterns of the horns were uniform. Fig. 24 
shows the efficiency after scattered patterns from the 
hyperboloid have been calculated using a JPL-developed 
computer program (Ref. 8). Vertex blockage loss has been 
included in the values given in Fig. 24 based on the JPL 
Advanced Antenna System design. Jt is seen from this 
figure that the four-mode horn provides an increase in 
efficiency of approximately 4% over the dual-mode horn. 
Because of the high cost of large paraboloidal antennas, 
a 4 % increase in efficiency may not be economically in- 
significant. The physical configuration used to produce 
the patterns shown in Fig. 21 is shown in Fig. 25. The 
existing model works at 9550 Me. It is empirically known 
that this design is narrow band (about 50 Me) and very 
sensitive to the physical configuration. 

It is felt that the four- mode patterns might be improved 
by extending the horn with a length of cylindrical section 
of the end of the horn, thus presumub 1 *' reducing the 
phase error across the aperture. However, this will also 
affect relative mode amplitudes and phasing, probably re- 
quiring readjustment of the mode generating sections. 

In any case, an absolute upper limit on the perform- 
ance which could be obtained in this manner is that of 
the optimum four-mode horn, about 10% better than the 
existing dual-mode horn. A realistic limit, taking into 


n ■ Mi i « f* 
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account phase loss and the fact that there will always 
be some aperture phase enor, would be about 3% lower. 



Fig. 23. Efficiency of various primary food patterns, 
15~deg illumination edge angle 


The possibility of a five- or six-mods h >m is very un- 
likely. One obstacle is that even larger aperture sizes 
would be required. compounding the aperture phas^ 
error probVm. Also, generating and controlling three and 
four cylindrical waveguide modes has proved extremely 
difficult; the excitation and control of five or six nudes 
is felt to be impracticable. 



Fig. 24. Efficiency >f fields scattered from hyperboloid, 
60-deg illumination edge angle 
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Fig. 25. Four-mcde horn physical configuration 


d, Conchmon. Upper limits on peiformance potentially 
available from multimode horns have been defined, it 
has been shown that these performance maxima approach 
very closely theoretical limits for any ty pe of feed device 
of the same size, showing that conic*! feedhoms are 


potentially ideal. A four-mode horn pattern has been 
experimentally realised yielding an efficiency 4% above 
die best existing JPL feed and 72 below the theoretically 
optimum pattern. It is felt that an additional 4% might 
be obtained with further research effort. 
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TELECOMMUNICATIONS DIViS'ON 


XXIV. Communications Systems Research: 
Mathematical Research 

f N65~32464 


A. Hadamard Matrices of 
Order 20 

M. Hail, Jr. 1 

I. Introduction 

In a recent summary, Baumert reviewed the connection 
between Hadamard matrices and orthogonal codes for 
space telemetry (S PS 37-29 , Vol. IV, pp. 213-214). It is 
useful to know how many different classes of these matri- 
ces of given order there are; class refers to permutation 
of rows and columns, and changing the sign of entire 
rows and columns. These transformations leave the code 
unchanged for the purposes of error probability, but 
they can change the self-synchronizing properties. Thus, 
the best self-synchronizing orthogonal code of given order 
can be more easily found if the equivalence classes are 
known. This discussion describes the v.ork done to show 
that there are exactly 3 classes of Hadamard matrices of 
size 20. The classes are found explicitly. 


l At the California Institute of Technology, performing work sup- 
ported by the Jet Propulsion Laboratory. 


2. Description of the Three Classes 

There are exactly three distinct classes of Hadamard 
matrices of order 20, if matrices equivalent under permu- 
tation of rows or columns or change of sign of rows or 
columns are considered in the same class. These three 
classes are labeled class Q, class P. and class N (Figs. 
1, 2, and 3). 

Class Q contains the matrix derivable from the quad- 
ratic residues modulo 19. Clrss P contains the matrix 
which can be constructed front GF(9) as a special case of 
Paley’s general construction (Ref. 1) for orders 2(1 + p r ), 
where p r is a prime pov er and p r 1 (mod 4). The 
matrix of order 20 constructed by Williamson in Ref. 2 
is also in this class. Chris N is a new class not previously 
known. Each of the Uirec classes possesses a symmetric 
representative, and so each is its own transpose class. 

3. Search Procedures 

The search for all Hadamard matrices of order 20 is 
greatly facilitated by the fact that it can be shown that 
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Fig. 1. Class Q Fig. 2. Class P 


if any three rows are put into the standard form: 
(writing - for -1 as a convenience) 


11111 11111 11111 11111 

11111 11111 

11111 13 111 


(i) 


then there is exactly one more row which can be put 
in the form. 


1 |- 1111 |- 1111|1 ( 2 ) 

along with the three rows of (1). Also, any three of the^ 
four rows determines the fourth in this manner. T< 
row quadruples are very useful. The twenty rows oi x * 
H 20 break up naturally into five disjoint quadruples as 
may be seen in the representatives of classes Q, P, N. 


This finding contrasts somewhat with Ref. 3, where it 
was shown that there are five classes of Hadamcrd ma- 
trices of order 16. Theoretical considerations make it plau- 
sible to expect more classes of Hadamard matrices of 
order n when n s& 0 (mod 8) than when n ss 4 (mod 8). 



Fig. 3, Class F 


With the four rows of (1) and (2) to begin with, it is 
not difficult to show that a second disjoint quadruple may 
be taken to form rows 5, 6, 7, 8, and that, to within equiv- 
alence, there are only three possible eight row starts. 


A total of twenty-two completions of these eight row 
starts were found, which included all possible matrices 
to within equivalence. This was not difficult, but it was 
time consuming. Showing that these were equivalent to 
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one of Q, P, N and that Q, P, N are inequivalent was we can also express y k algebraically -as . 
more difficult. This last was accomplished by a study of 

the patterns of row quadruples, under the action of known y } _ y' a k r t 

automorphisms of these matrices. * fa 


More details will be published in a TPL report. 


« 65-32465 


B. Further Investigation of 
Random Numbers 

R. C. Tousworthe 


Such numbers always lie in the hiterval 0 < y k < 1. By 
making r a random choice, the initial value y {) is com- 
pletely random. But once t/„ is specified the remainder of 
the sequence {y k } is deterministic. We often find it con- 
venient to work with a transformed set of numbers Wk 
rather than y k . Specifically, let a = {a*} be the rtl- 
sequence corresponding to a by a* = (— l) a * and define 

L 

Us'k 2 1 CLqk+r-i 

1 

It is easy to verify that Wk and y * are related by 


I. Introduction 

In Ref. 4, the author derived a method for the gener- 
ation of random numbers which results, on the average, 
in a pseudostochastic series as good as the best known 
today. There were several conditions placed upon the 
parameters of generation that were necessary to the 
analysis of the numbers produced. It is natural to ask 
if the limitations placed upon parameters are necessary 
to the production of good sequences of random numbers 
or are they merely needed to effect an algebraic analysis. 
This article analyzes this question, and reaches the con- 
clusion that if the parameters are not limited as specified, 
the degree of randomness in the generated sequence is 
degraded, sometimes to a very high degree^ 


2. Random Numbers Generated by Linear 
Recurrence Modulo 2 

Let a = {a k } be the (0, 1) sequence generated by an 
nth-degree maximal length linear recurrence relation 
modulo (mod) 2, as described in Ref. 4, and define a set 
of numbers of the form 

ijk ~ 0. a (/ * +r -i aqk+r-* ' * * a,?., r -/, (base 2) 
where r is a randomly chosen integer, 0 < r < 2* — 1. 

Physically, the sequence {a*} can be .viewed as an in- 
finite stream of Os and 1's, and the y k are generated by 
taking L tuples every q digits, as 


w k = 1 - 2“ L — 2 y k 

The result contained in the work cited is repeated here, 
for reference: 


Theorem: If {a fc } is a (0, 1) binary sequence generated 
by an nth degree maximal-length linear reemsion rela- 
tion modulo 2, if for (q, 2 n — 1) = 1 and q > L, 
tjk = 0. fl^-i n kq ., • * * a kl ^ L is the binary expansion of a real 
positive number in the interval [ 0, 1), and if u> is a real 
number in the interval ( — 1, +1) related to y k by 
ii* = 1 — 2y k — then averaged over all possible 
(assumed equally likely) initial values t/ 0 (or u? 0 ), 


(1) The mean vdue m of the sequence {to k } 



and variance <r 



(2) The sample autocorrelation function, defined by 


A l n 

Rim) w k ic k +n 


0 1 I 1 0 
yi 


1 4— q == 6 — > J 

011010 0010011 


!/= 


y 3 


has as its mean value R(m), given by 


269 



JPL SPACE PROGRAMS SUMMARY NO. 37 33, VOL. IV. 


for nonzero Integral values of j m | less than 
(p — L)/q. The variance of R(m) about R(m) is 
bounded by 


var <lfl 


+ 


( 2 - 


1 "I 
" “ 1). 



A 

(3) The relative number of times T that y k falls in the 
interval for which the first d positions of the binary 
expansion are fixed, i.e., a neighborhood of length 
2~ d in the interval [ 0. 1), has mean value 


r = E[f]=2-[i + j F i 1 j] 

A 

for any number N of points y K . The variance of T 
is bounded by 






(4) The relative number of times T that (y k , yk-u, ’**, 
yk-i M ) falls in the interval of the unit M-cube for 
which the first d t positions of the binary expansion 
of y k +i t is fixed, i.c., in a 2' rf * X 2 -rf = X X 2 
interval in the unit Af-cube, has as a mean value 


T = E(T) = (l + 



for any number N of points ( y k , ij k ~t 2> --\ yk-i M ) y 
provided 0 < k < ”* < ly < n/q — 1. The 
variance of T is then bounded by 

var 17] < t[w + FTl] L 1 + WTl] ~ In 


3. Correlation Properties 

It is quite eas\ to verify that part 1 of the theorem 
alx>ve follows even if q is not relatively prime to 2 n — 1, 
regFirdless of the value of q and L, However, the other 
tliree results of the theorem do depend on the relations 
between q y L y and n. 


Consider first R(m), the sample autocorrelation func- 
tion. Its mean value R(m) is obtained by averaging R(m) 


over all initial start’ ng values y 0 (or w 0 ) of the sequence. 
For convenience, set p — 2* — 1. 

R(,n)-E[V)]=ii££2-<-' 

r Ly k- i t-i if - 1 
P- 1 

X ^ ] &gh 4 r- t &q(k+m)+T-u 
r~Q 

f=i u-i 

[ l P~ l 

V C£r Ctr4.#7m+f-tf 

pU 

and so far, no restriction has been placed on q, L y and n. 
One of the fundamental properties of a maximal-length 
linear sequence a is 

if v = 0 (mod p) 
v # 0 (mod p) 

Thus, in the equation for R{in), the last um can be 
replaced by unity whenever qm H - u = 0 (mod p) 
and by — 1/p otherwise. For a particular fixed there 
is at most one pah (t, u) such that qm + t — u « 0 (mod 
p), and because u, t < L < p, it is possible that no t 
or u satisfies the condition. We are interested primarily 
in the first “few” values of m, so let us restrict our atten- 
tion to m < (p ~ L)/q (which is ordinarily quite a large 
number anyway). In this case the bracketed sum in R(rn) 
is 1 only when m > 1 and u — t = qm < L — 1, so 
1 < m < (L 1 )/q. As a consequence, when q > L the 
bracketed sum is never 1, and the first pait of 2 in the 
theorem results. However, in the case L > q there may 
be values of u and t such that the bracketed sum is 1, 
and this results in the general formulation 



R(rn) 




if 1 < m < — 

q 

r L 

if m > — 

a 


where | e | < 2/p. This result is general, and does not 
depend on any relation between q , L, and n. [But m < 
( V - L)/p]- 


The sample autocorrelation function is a function of r 
and is itself a random process; its mean-squared ✓alue 
for m 0 is 

£[R ! w] = ti:iE 2 - /*«.•/ 

f- * MM 1 1 j-l 
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where ^t ui} is defined by 


1 Y v r_1 

„ \t^ zh XI ttr*(*+u,)7-u f *i vi‘t-1 

P ™ k=l U\r - o 


Ur+m»ni/-/ 


N 


rEE 



Ur ftrtrflll + f-K 




a r *t 




1 

J 


The latter two terms in the product are, by the cycle 
and add property of maximum-length linear sequences. 


Ur+r/( l-k)±t~i U-w/ff* A - ) -mq~t j 


1 if / — i + mq (mod p) 
ar+r/(i-M+r 2 otherwise 


in which v 2 depends only upon t, i, j, and rn. The entire 
product takes the value unity in only two cases: (1) both 
u^t r mq (mod p) and / = i -r mq (mod p), or (2) 
« v, + q(l — k) (mod p). In the first case, = 1; 
in the second, assuming that (I) is not also in effect, there 
are at most (<7, p) values of k lor each l which satisfy the 
conditions. So is bounded by 


ptui] < 


(<7, V) 

N 


A 

We can separate the summing process for E[R 2 (m)J 
into two parts, over those (f, u , i, 7) giving (1) above and 
the remainder. This produces the bound 


E[Fr(m)] < [R(m, - «]* + 

By this, it is easy U see that the variance of our sample 
tocorrelation function is 

var[R(m)] < -M- + 

The value of | e | is less than 2/p and, for practical pur- 
poses, can be neglected. 


4. Distribution Properties 

Carefully following the proof in Ref. 4, part 3 of the 
theorem follows for every d < L < n without restriction 
on q . Thus, the numbers w k (or y k ) are "white” and uni- 
formly distributed. 0 

Now we consider the distribution of ( yk , tjk-i,, * ’ ■, 
where we order 0 < l x <Z 2 < lu for convenience. Part 
4 of the theorem states that these numbers lie uniformly 
distributed on the M-cube when q(l M + I) < n and 
q > L, Let us relax these constraints for the treatment 


which is to follow. We shall count the relative number 

of times the M -tuple y = (y k} y h -i,, — , f/Jt-i 3r ) lies in an 

arbitrary given 2 f/ i X • • * X 2 ~ <1 m interval. Let the initial 
positions ^ the binary expansion of y k *i j be 
e$\ for i — 1, 2, *•*, M, where each d t < L. Whenever 
q(l lj ,) < dj, the numbers tj k -i } and have an 

r verlap: n.rt is, the fimt d } — ( l } — l } . t ) = b Jt binary 

^ c ■ . .1 _ n... * r J:.-;*.. -r .. nri. 

ui y k ~! t in .iiu iii^L 1 ij vuigiio c/j. yn~i iMiv 

cannot be equidistribution in this case, and in fact, the 

distributijn is nonzero only in those intervals such that 

(e;, s\, el }i ) is the same as (ei •••, e J dj ). 

By the same token, if q{lj — lj. t ) > dj for all i and 7, 
and if, in addition, qi J( *f d A[ < n, eqoidistribution does 
result. (See Ref, 4). 

The remaining case that we must consider is that for 

which q(lj — Z f _ ; ) > for all i and j, but q iv 4- d M > n 

In the remainder of this section we shall assume that this 
is the case. 

Define a Boolean function g(xl — ”(x u •**, xi j,^) as 
follows: 

/- 1 if .x-, j9+j - e< 

g(x) = ) for i = 1, 2, ♦ * *, M and j — 1, 2 , “ , di 

\ ■+■ 1 otherwise 

If we let the Boolean function variables be 

Qqk+r-t 

then yA; — g(x) = — 1 whenever y lies in the proper inter- 
val; otherwise y k — g(x) = 1. 


The relative number of times T that an Af -tuple y falls 
in the specified interval is thus 


a 1 r v q 


We can use the transformed equation (Bef. 4) to ex- 
press y K 

. „ V* 4d .v 


7 k = E G ( 8 ) a 




qk±r-<]l jy-rfy 


By the cycle-and-add property, products in the summand 
are 


r-l 


r-qlM-d a 


i if /(x) divides SiX* 
;a MM ,) otherwise. 


\ 


271 



JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV. 


/ qla+d* 

Now if we denote S = < s ; f(x) divides 52 Si *' 

we have the result 

Y* = £ G W + £G(«) 

»C5 %ts 

A 

The expected value of T is now 



of course, 0 is alway.5 in S. Excluding this element, 
S' = S - { 0 }; and usin^ G(0) = 1-2 

T~*&«** i-£ G(*) 

- »eir 

Thus, the relate frequency T depends on the interval 
being tested [i.e., the choice of g(x)], so the distribution 
is not necessarily uniform. 



5 . Conclusions 

In order that all the results of the theorem be true it is 
necessary that all the stated hypotheses be true. However, 


as some of these are relaxed, one can conclude the 
following: 

(1) If (q,p) 7^ 1, only part 4 of the theorem is affected, 
and this only to the extent 


var [fl(m)] < 4- $ , whore £5 ] < 

(2) Generally, for 1 < [mj < 


R(m) = 




2="-^) 4- e 


if 1 < m < 


m>k 


with jc|< ~ . In addition, (I) above holds. 


(3) The distribution is not uniformly distributed unless 
ql M 4 d M < n and q(lj — lj-i) > d, for all i, In 
fact, the distribution lies concentrated in interval;, 
such that (e\e\ ,***, e’J = e[) when- 

ever the latter condition fails. If only the former 
condition fails, distribution depends upon which 
interval we scrutinize and which polynomial f{x) 
generates {a*}. 
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XXV. Communications Systems Research: 
Information Processing 


A. Onto Finite State^ac^ 


nes 


£. C. Posner 


Ibis article continues the discussion on finite state 
machines previously reported in S PS 37-32, Vol. IV, 
pp. 255-259. Here onto machines are considered, that is, 
machines that have every output sequence arise from 
some input sequence. It is shown that if every output 
sequence arises from at most a bounded number of input 
sequences, then the machine is onto; the converse is due 
to D. Blackwell. 


I. Introduction 

A finite ztate machine is defined as an abstraction of 
the behavior a digital machine such as might be found 
in the Deep Space Network (DSN) f 'x signal generation 
and processing. The key part of the definition of a finite 
state machine is that the machine can read the input tape 
in one direction only, and it produces an output which is 
no longer available to the machine. Thus a finite state 
machine is more specialized than a “general purpose com- 
puter,” and yet the concept includes many types of “stored 
program controllers” used throughout the DSIF. 

The rigorous abstract definition of a finite state machine 
is found on p. 257 of SPS 37-32, Vol IV. Informally, 


there is a finite collection S of states, a finite invut alphabet 
A and output alphabet B. Also defined are two functions, 
<t> and which yield respectively the output symbol and 
next state for the given input symbol and present state. 
The functions <p and p can also be thought of as being 
defined on all input sequences of given length n, in the 
sense that <p and \p give respectively the output sequence 
and the final state for a given input sequence and initial 
state. 

In this article, A will be taken equal to B; that is, the 
input and output alphabets are the same. Usually in appli- 
cations A and B are the set {0, 1], although this assump- 
tion is not needed here. Another case of interest in the 
DSN is when A = B and has 32 elements, the 32 teletype 
characters. Cases in which A and B do not have the same 
number of elements can arise in coding theory, where B is 
a set of codewords which may be smaller than a set of 
received words. 

2. Irreducibility 

The concept of an irreducible machine is needed. A 
finite state machine is called irreducible if and only if 
given two states there is an input of some length which 
sends the first state as initial state onto the second as final 
state; this language is borrowed from the theory of Markov 
chains. 
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D. Blackwell (Ref. 1) proved the following: let M be 
an onto finite shyte, machine in which A = B. Then the 
number of inverse images of any output sequence of any 
length whatever is bounded by where s is the number 
of states. 

It is easy to prove that if there is any bound, then the 
bound is s 2 . For if some output p had more than s- inverse 
images, then there would be two states S* and S = and two 
distinct input sequences a, and a s whose lengths are the 
length of /?, such that the output sequence is p and the 
final state is 3-> if the initial state is Sj and the input is 
either or cu. For there are s 2 pairs (S,, S 2 ), so that one of 
them must occur twice as initial and final states giving p 
as an output By irreducibility, and a 2 can be extended 
so as to produce the same output p' and final state S\ 
starting from initial state Sj with different inputs a' and 
and cC For there is an input y such that y brings S 2 to S x . 
Let 8 be the output; then /T = p8. a J = a,y, a' = a 2 y. 

Now there are 2 l inputs of the form o', a',, * * *, a'. J , ij = 1, 2, 
(1 < / < Z). Furthermore, all these are distinct and each 
gives an output (/?')* when the initial state is This 
contradicts the assumption that the size of the number of 
input sequences with a given output sequence is bounded. 
Hence, if there is a bound for an irreducible machine, 
then a bound is the square of the number of states. 


3 . Boundedness Implies Ontoness 

In this section, the converse of Blackwells result will 
be proved. 

Theorem; Let M be a finite state machine in which the 
input and output alphabets are identical. Let M be ir- 
reducible. Then if the size of the set of input sequences 
producing a given output sequence is bounded, the 
machine is onto. 

Proof: Let the size of the alphabet be q , which clearly 
may be assumed gt eater than 1. Let p be an m-tuple not 
the output starting from any initial state. We shall show 
that the number of sequences of length n composed of 
elements of A which do not contain p is an arbitrarily 
small fraction of the total number of sequences n of 
length n. 

This fact will be proved probabilistically. We may 
suppose n is a multiple km of m, the length of p. Consider 
the random process consisting of choosing with equal 
probability l/q m one of the q m sequences of length m. 
Repeat this experiment k times. Given c > 0, there is a 


k so large that the probability of not getting p in k trials 
is less than (1 — l/q m ) k < e. 

But the probability of not getting p at least once in 
k trials is less than the probability of there being no p any- 
where in the sequence of n symbols, where each symbol 
is chosen independently with probability 1 /q. Hence, 
there is an n so large that the probability of not having 
a p in ti symbols is also lesb than e. Since every sequence 
of length n in this model has the same probability, we 
can make a nonprobabilistic statement: if n is sufficiently 
large, fewer than eq n of the q n sequences of length n fail 
to contain the m-iength sequence /?, for e an arbitrary 
positive number, and given m. 

Now suppose the class of output sequences is contained 
in the set of sequences not containing p ; that is, let p not 
be an output. Then fewer than eq n sequences of length n 
are outputs. Furthermore, a given input sequence yields 
at most s outputs, since there is an output for each initial 
state. Since there are q n input sequences, some output 
sequence occurs for more than 1/se input sequences. 
Since e is arbitrarily small. 1 7 se is unbounded. Therefore, 
if the sizes of inve.se images are bounded, M is onto. 
This proves the theorem. 

The upshot of this result is that for irreducible machines 
in which A and B have the same number of elements, 
ontoness is equivalent to the property that the number 
of inverse images of any output sequence is bounded by 
s 2 , the square of the number of states. If an irreducible 
machine with the same input and output alphabet is 
desired which produces a certain output for t different 
inputs and yet can produce any output, then $ > (f) 1 *. 
This result may be of use in machine design. 

N65-32467 


B. Generalized Barker Sequences 


S. W. Golomb and R. A, Scboltz 1 


32^7 


A generalized Barker sequence is a finite sequence |a r } 
of complex numbers having an absolute value 1 and pos- 
sessing a conelation function C(r) satisfying the con- 
straint |C(t) | < 1, r 0. Classes of transformations leaving 


i Prepared under purchase order 951076 with the Electrical Engi- 
neering Department, University of Southern California. 
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jC(r)j invariant are exhibited. Constructions fur general- 
ized Barker sequences of various lengths and alphabet 
sizes are given. Sextic Barker sequences are investigated 
and examples given for all lengths through thirteen. No 
theoretical limit to the -ength f sextic sequences has 
been found. These sequences generalize to polyphase 
modulated radars the binary Barker sequences used in 
certain biphase modulated radars fer range gating. 

1. introduction 

A Barker sequence (Ref. 2) is a sequence (a,} of -rl's 
and - l’s of some finite length h such that the correla* 

k-r 

tion function C(t) defined by C(r) = £ °r satisfies 

!C( r )*= f for r^O. In this discussion consider “generalized 
Barker sequences” |a r j of finite length fc, where the terms 
a T are allowed to he complex numbers of absolute value 1, 
where correlation is now the Hermitian dot product 

k-T 

C(r) = 2Z o r af, T ( z * denotes the complex conjugate 

r 1 

of £), and the same restriction C(r) <l for r ^ 0 is im- 
posed. We will exhibit a class of transformations which 
leave the absolute value of the correlation function un- 
altered, so that, in particular, generalized Barker se- 
quences are changed into other generalized Barker 
sequences. We examine the effect of these transforma- 
tions on the original (drl) Barker sequences and on four- 
valued (zbl, ±i) Barker sequences; and then exhibff 
constructions for generalized Barker sequences of a 
variety of lengths and all possible alphabet sizer Finally, 
we observe some very interesting facts about sextic 
Barker sequences, including that they have occurred for 
a i lengths tested (i.e. for k < 13) and could conceivably 
occur for all possible sequence lengths. 

2. Batker-Prezerving Transformations 

Let { u r } be a ~o rap lex- valued sequence of length k. 

k-T 

and let its autocoMeiauon function C„(r) = ^ti,u A . Wo 

r -l 

define a new complex-valued sequence {o r } of length k 
as follows: 

st i r 

v r = u r e~ (1) 

where m is any nonzero integer. Then we observe that 
the autocorrelation function C,(r) of {t? r ) satisfies 

k-r k-T ’JT> r -liffi (>*47) 

C’(') = 2 v r v*r - £ ufr e 

r=l r-i 

k-T -j.Tir » 

= 2«; *u„,e »' =e * c„( t) (2) 

r.l 


for all r. In particular, since ' ‘ = 1, we have 

* C,(r) : = | C„(r) j for all r, as well as * v r | = { u, | by 
virture of Eq. (1). As a special case, if * u r \ — 1 for all r, 
transformation (1) takes a generalized R, rker sequence 
of length k into another generalized Barker sequence of 
length k. 

Further we observe that the somewhat more general 
transformation 

C r — U r C i (3) 

where a and x are any real numbers, x ^ 0, also preserves 
[ v r ! — ; h. and j C,.(r) j = : C„(r) [ . Finally, the trans- 
formation v r = tik-r^, which merely runs the sequence 
backwards, clearly preserves the Barker property', as does 
the transformation u r = u * (where the asterisk again 
denotes complex conjugation). 

In summary, there is a group of 4m- transformations, 
each of which hikes m-phase Barker sequences into m- 
phase Barker sequences. As generators of this group, we 
may take the two order-2 transformations of time reversal 
and complex conjugation and the two order-m trans- 
formations of constant multiplication by c and progressive 
multiplication by successive powers of ' where f = e““ ,/wt . 

3. Specific Examples 

If we take m = 2 in Eq. (1) then the sequence («,, 
u A , u A: •• , M*) is changed into («,, ~ih, — » l} *, 

( — l)^' l tifr). In particular, this transformation changes 
ordinary binary Barker sequences into other such 
quences, though nothing ' f erv startling U obtained in this 
way. Taking m — 4, the sequence (u u i/ 2 , u :t , u lt ***, u k ) 
is changed into (m,, iii«, — i K " l u k ). In particu- 

lar, this transformation sets up a one-to-one correspond- 
ence between ordinary (binary) Barker sequences and 
fou r -symbol Barker sequences (the symbols being ± 1. 
rb i) in which real and imaginary terms alternate. This 
correspondence is illustrated in Table 1 for binary Barker 
sequences of all known lengths. [From the results o r 
Storer and Turyn (Ref. 3) there are no other binary 
Barker sequences of odd length, and the possibility of 
other such sequences of even length seems quite remote.] 
Another description of the correspondence is that be- 
tween successive terms in the binary sequence there is a 
transition of either 0 or 180 deg, while between successive 
terms in the alternating quaternary sequence, there is a 
transition of either 90 or 270 deg. We let 0-t!eg transitions 
correspond to 90-deg transitions, while 180-deg transi- 
tions correspond to 270-deg transitions, respectively . 
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Table 1. Correspondence between binary and 
alternctinq quaternary Barker sequences 


Length 

k binary sequence 

1 

+ 1 

2 

+ 1, +1 

3 

-f 1, +1, “1 

4 

f 1, +1. +1, -1 

5 

+ 1. +1, +1. -1, +1 

7 

-f i, - 1 , + 1 , -i, -i, -hi, -1 

11 

i* 1 , 41, + 1 , “ 1 , — 1 ,— — 1 . — 1 , + 1,-1 

13 

-f-1,+1, M, f 1, +1, -1, - 1 , +1, -f 1, -1, -f l, -1, 4-1 

Quaternary Barker sequence j 

1 

+ 1 

2 

41, -fi 

3 

+», +i, +t 

4 

+ 1, 4-i, -1, -fi 

5 

4*1, 4-i, “1, -fi, 4 1 

7 

4*1, "fi, ~ 1, 4*i, —1, -fi, 4-1 

11 

-fl, 4-i, — 1, 4* Y} — * -I, — i, — 1, 4* i, — l,4*i, +1 

13 

4-1, -K -l. - 1 . 4 - 1 , i, 4-1, -i, 4 - 1 , - 1 , 4-i, H 1 


It is interesting to note that the quaternary alternating 
Barker sequences of odd length are all palindromic (i.e., 
read the same forward and backward), thus evidencing 
a symmetry which is obscured in the binary representa- 
tion. 

Next, we consic »r a quaternary Barker sequence of 
length 15 (Ref. 4) which is not equivalent to a binary 
Barker sequence. In Table 2, we see such a sequence, 
together with its transforms corresponding to m = 2 and 
m = 4. 

We observe that the effect of the m = 2 transformation 
is to replace the original terms by their complex conju- 


Table 2.. Transformations on a quaternary 
Barker sequence 



‘gates in reverse order. Since reversal of order and con- 
jugation of elements are both elementary symmetries 
which preserve Barker correlation, nothing essentially 
new has been obtained. However, the transformation 
with m — 4 yields a very different sequence from the 
original. For example, wheieas the original sequence had 
one run of length 3 and two runs of length 2 each, the 
transformed sequence has one run of length 3 but only 
one run of length 2. Also the original sequence has its 
run of length 3 at the end, whereas the transformed se- 
quence has its longest run near the middle. 

It may be mentioned in passing that, despite its title, 
Ref. 5 contains no examples of quaternary Barker codes. 

4. General Alphabets 

Let p — e 2 ~ :/Ti , and define the alphabet A n to be the set 
{1. p, p\ p\ • , p" 1 }. For subsequent convenience, we 
also define q = 11/53 , the lowest power of p whose 

phase angle is at least .180 deg. 

We ask the general question on the existence of Barker 
sequences as follows: “For a given sequence of length k , 
what are all the values of n such that a Barker sequence 
of length k can be constructed from the alphabet A,,?” 

In Table 3, we answer this question completely for 
k — 1, 2,3,4, 5 by exhibiting constructions which work for 
all n > 2. A couple simple observations will assist the 
reader in verifying that the out-of-phase correlations are 
indeed < 1. 

(1) The sum of 2 unit vectors lies within the unit circle 
if and only if the angle between these vectors is 
between 120 and 240 deg. (In particular, 1 4- q lies 
within or on the unit circle for V > 2, with the 
tightest squeeze when q = 3. P + 7/ lies within or on 
the unit circle except, when q =- 1,2,4, with the 
tightest squeezes when q = 3 and 6. 

(2) The sum of 3 unit vectors lies within the unit circle 

if and only if there is no semicircle properly con- 
taining all three vectors. (In particular, since the 
sets 1 , t?, q* and 1 q each defy containment within 
a semicircle, the vectors 1 4- 4- q* and 1 i f > + 

do not extend beyond the unit circle.) Finally, we 
may observe that 1 + p ■+• q + q* lies outside the 
unit circle for n = 1,2,4: on the unit circle for 
n “ 3,5,6; and within the unit circle for n > 7. (In 
fact, this vector sum decreases in magnitude to 
zero as n increases to infinity.) 
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Table 3. Construction for generalized Barker sequences for all lengths up to 5 and all alphabet sizes greater than 1 


1 

Sequence 

Correlation function 

Which n? 

1 

1 

1 

all n ^ 1 


1,1 

2, 1 

all ft 1 

3 

1,1,U 

3, 1 + v.v 

all n 5: 2 

■ 

1, 1,i?. 1 

A, 1 -t* if + 17 % 1 + i?, 1 

all n 2 


j 1 , 1,1, — 1 , 1 

{s, o, no, i 

(a!! evert n ) 

< > all n g* 2 

fall n except 1 , 2, 4 j 

1MMB. 

\ 1, 1 .P'V.P 

2 i 

\5, 1 + P J - 1? 4* 77*, 1 + p ~f“ t], p + T),P 

\ 


A simple necessary and sufficient condition for the 
sum of four unit vectors to lie w'thin the unit circle has 
not been found. However, the following two necersa**/ 
conditions are sharp. 

(1) The four vectors must not be contained within an 
arc of less than 2 cos* ’(1/4) ^ 151 deg. 

(2) No three of the four vectors may be contained 
within an arc of less than 180 deg — cos" 1 (1/4) ~ 
104.5 deg. 

For the case k = 6, it has long be„ii known that there 
is no binary Barker sequence. An exhaustive search has 
shv>wn that there is also no generalized Barker sequence 
of length 6 for alphabet sizes of 3, 4, or 5. However, the 
following example using the alphabet A t) has been found 

1,1, e, -1,1, € 

where € = e 27rt/,i . The correlation values for this sequence 
are 6, e 2 , e\ e 3 , e 5 , eh 

Except for the Barker-preserving transformations dis- 
cussed earlier, this example is unique. However, in one of 
its transformed avatars, it takes the form 

1, €, 1, 1, €, f 

for which the correlation values are 6, - 1, — h 1, “1, “l* 

A Barker sequence is called palindromic if the se- 
quence reads the same forward and backward, except 
for at most a real constant factor. Clearly the correlation 
function of a palindromic sequence is real. We have 
observed that there are sextic palindromic sequences of 
every length through 9, none of length 10 and one of 
length 11. 


5 . The Sextic Alphabet 

There is strong evidence to indicate that a Barker 
sequence of length 6 can only be achieved over an alpha- 
bet A n for which n is a multiple of 6. Moreover, the sixth 
roots of unity (with zero adjoined) have remarkable 
arithmetic which is partially closed under addition, as 
well as closed under multiplication. 

In Table 4, we see the present state of knowledge con- 
cerning binary, ternary 7 , quaternary, and sextic Barker 
sequences. The appropriate earlier references for these 
cases are: binary (Ref. 3), ternary (Ref. 6), and quater- 
nary (Ref. 4). However, these cnscs have all been re- 
checked. In Table 4 a b] mk i idicates that no such 


Table 4. Comparison of th» socuences available from 
the alphabet A ., A :u A 4t and A G 


n 

k 

2 

3 

4 

6 

1 

V 




2 

\S 

.1 * 



3 

IS 



l* 

4 




V* 

5 



V* 

V* 

6 




V 

7 

V* 




8 





9 


* 


V* 

10 





11 

V* 



V* 

12 





13 

* 



* 

14 




7 

15 




? 

u 
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sequence exists, while a question mark means that the 
question has not yet been exhaustively searched. We see 
that for lengths k — 6, 8, 10, and 12. there are no ex- 
amples of binary, ternary, or quaternary sequences, but 
that sextic examples exist, as follows: 

Sr. = 1, 1,6, “b 1, -€ 

S 0 = 1, 1, e, 1, — €, e. — L e* 

S 10 = 1, 1, ~e, -1, -€*, -e, -1, e*, -€*, -e 

S l2 = 1,1, €, 1,€*, — €*, -€*, — e, 1, — e, e, -1 

Examples of lengths 6, 8, and 10 were first discovered by 
the authors. Examples of length 12 were found in a com- 
puter search conducted by Harold Fredricksen. Of these, 
only S r is unique up to Barker -preserving transformations. 
This is one of several facts supporting the highly tentative 
conjecture that sextic Barker sequences exist for all se- 
quence lengths, in sharp contrast to the binary case 
(Ref. 3). That is, the search routines indicate that sextic 
examples may become more numerous as the sequence 
length increases. 

6. Sequences of Length 7 

The case of sequence length 7 has been settled defini- 
tivclv, as shown in Table 5, which augments Table 3. 


Table 5. Sequences of length 7 


k 

Sequence 

Correlation function 

Remarks 

/ 

1, 1, — 1, “1, 1. “1 

7,0, “1,0, -1,0, ”1 

All even n 


Uft 13,1,0,1 

7, 2 (1 + u). 2 + u + 0, 

All odd n > 1 



2 + u ( H-u,l+j8,I 
Where u “ 0 + 0* 

except 5 & 7 
as well as 
large even rt 


Here fS is an element of A„ with a phase angle between 
120 deg and t r - cos~ l (3/4) ** 138^ deg. Not c^V are 
ther 1 no 5 th or 7 th roots of unity with phase angles in this 
range but an exhaustive search has shown that there are 
no Barker sequences of length 7 over A 5 or A 7 . 
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C. Weights of Cyclic Codes 

G. Solomon 

A new formula is presented for the weight or number 
of ones in a binary cyclic code The formula allows quick 
computation cf the error-correcting properties of a large 
class of codes. 

I. Introduction 

In the past few years, coding theory has witnessed the 
discovery of new classes of practical codes of a highly 
algebraic nature. These code." are easily encodable and 
their error-correcting procedure is a sequence of easily 
mechanizable algebraic operations. These codes (Ref. 7) 
(Bose-Chaudhuri, cyclic, polynomial, shift register . . . ) use 
the shift register device both as pari of the systematic 
encoding as well as for che multiplication operations in 
the associated finite fields. While certain group code 3 can 
be characterized by specifying the encoding and decod- 
ing procedures in terms of certain polynomials and field 
parameters, there aro many cases for which the precise 
error-correcting properties of these codes (i.e., the i lini- 
mum weight of all nonzero vectors of a code) are not 
known. Indeed, the distribution of weights, of a code is 
not known in general. 

To be specific, for n odd, let A be any (n,k) gioup 
code, i.e., a fc-dimensiono! subspace of V n (F), the vector 
space of dimension n over the field F of two elements. 
The weight of a vector a = (a,) € A, tv(a), is defined to 
be the number of a f equal to !. A classical coding theory 
problem is to determine the error-correcting properties 
of the code A, i.e., the minimum weight of all nonzero 
vectors in A. We also want to know the values of the 
weights actually occurring for all words in the code, and, 
in fact, sometimes we even need the number of vectors 
having a given weight. This counting problem — this 
looked- For formula analytic expression for the weight 
of a vector in terms of the parameters which characterize 
the code — is made interesting by the fact that our code 
operations ave all modulo (mod) 2, whereas the weight 
function is integer-valued. 

We present in this discussion an explicit expression for 

.v 

the weight of a vector w(a) = E r 2 i(a) 2\ The F* are ex- 

pressed as a function of several variables. These variables 
are the parameters in the general representation of cyclic 
codes in Mattson-Solomon (Ref. 8;. The coefficients of 
the formula are obtained by using elementary field 


i 


t 
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operations in the cyclic group of the n th roots of unity. 
P : has been known for some time. We obtain here an 
expression for P... Using this expression, we obtain gen- 
eral results for weights occurring in certain cyclic codes. 
The method is extendable to P 4 and the higher Fs; 
P# gives information about the number of code words 
of given weight. The higher order F s are left for a sub- 
sequent issue of this summary. 

2 . The Binary Representation of the 
Weight Vector 

Let a — (a,„ a u a*-,) be * binary n-tuple. If u; is 
he number of ones in a, then the following equations are 
rue 



33 1 (mod 2) 


Py = 0 i>tt\ 

The weight of a , u-(a), is given in dyadic form uniquely 

x 

by Y lv >- "here .V = [log^]; and, as usual, tv, — 0 
or 1. The following lemma is crucial. 


Lemma: If 2 is the dyadic expansion of tv, then 
u : == ^ jmod 2. That is, u?, = 

Proof: We expand the polynomial (1 + x/ r in two dif- 
ferent ways 

(1 + X )“* = (I + x) s,r ; ; 



1 <> 


= | | (1 + wfx 2 '); but u;; = a*,- so 

I - 0 



J c 

x‘ ~ jj (1 + u ,x-‘). 

I • t» 


The coefficient of x~‘ on the left side uf the equation is 

equal to ^ “ j. If we examine the right-hand side of the 

equation, we see that the coefficient of x -* can only arise 
from multiplying the a ,*-' term by (\ T -- I) ones. Since 

this i< a formal identity, we have ^ ^ = a*,-. This proves 

Lemma 1. We thus have our weight formula for a 
vector ", 

u:(t) - Y r.Ja)2' . 


We shall express the P.,,(a) as functions of the coetfi- 
cients of the Mattson- Solomon polynomials for cyclic 
codes. 


3 . Repiesentation of Cyclic Codes 

Let A be an (n,k) cyclic code ger crated by the recur- 

k 

sion rule Y ~ 0, whose associated polynomial is 

i=0 

t 

f(x) — Y u » xi * m,€F. To even* code word a e A is asso- 

i-0 

n-1 

ciated a polynomial g, 4 { x ) = Y c x '> following 

no 

properties. Let /? be a fixed primitive n th root of unitv*. 
Then 

(1) If a = (ao,a ti •■*,<!„-,) dicn ", (p>) - ay, 

(2) The Cj are given by the Reed formula 

Cj = Vrt, 0T'> • / = 0, l, ■ •, n - 1. 

I - o 

Thus, the c } are contained in the field containing 

n- 1 

the n iU roots of unity. Note c 0 -' Y°>~ w ( a ) m °d -5 

i-o 

also, 

= c) all/. 

(3) Cj = 0 if f(p>) =£0; i.e., the only c } that can enter in 
g„(x) are those / such that f(f$ J ) ~ 0; 

(4) If a = («„, p„ " y a n - ,) is given by (g«(x) ; ), £,-(*) = 
2 then the cyclic shift of a, T a = (fl„ a.., 
a n -i, «;,) is given by gn>(0 ; ) when g Ta (.x) ~ 2 CjP* 
Thus, shifting a vector is equivalent to multiplying 
each Cj by fS j . 

(5) If f(x) *-= ■ * \ f r (x) where f,(x) is irreducible 

over F, then there arc r independent variables c tr 
in g(x), = 0, ^ 0, / ^ Je, and g«(x) can 

be written 

ft>(x) - Trc (l x il -r Trc i2 x‘- + ,•••, 7’rc Ir x ,f . 
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Here 77(a) denotes the trace of a. given bv 77 a 

m 

— ^ a- J where m is the degree of the irreducible 

i - o 

polynomial over F with a as a root. 

We note that the c„ term corresponds to the 
(x 4- 1) factor in f( t), cr the all-ones vector. Note 
Co = 1 implies the weight if a is odd. Thus every 
odd \\ eight vector a is the sum of the all-one vector 
and an even-weight vector. Thus we have 

(6) The odd weight vectors can be computed from the 
even-weight vectors, tc_», by taking n — Thus, 
we need only devise our formula for even-weight 
factors. 

4. r,(a) as Functions of c ; 

We have te(a) = r 2l (fl)2 i , N = [log 2 n], w(a) = 0 

i=l 

mod 2. Now 

r 2i (ci) = £ a iv * ■ *, 

»»< »r< <»s» 

= P(c }l K'j 2y * C/ 2 {), which is a polynomial in cs. 

Since w(Ta) = «;(«), and since Property (4) of Section 3 
above holds, we have 

P(C h ,C; 2 , -,C-i) = P(P*i Cj j C}1 , --ip**' Cj,i), 

2* 

So 52 /i 35 0 mod n. This sum-of indices property' is 
essential in the formula for IY 

5. Computation of r 2 (a) 

We evaluate IVa) in our formula, and using this value, 
we obtain some new results about cyclic codes. 

Theorem: 

(n-l)/2 

r s (fl) = E ci c-, . 

i- 1 

Proof: 

r\(«) ~ 13 0i«.< = 53 s-W&Ga') : 

j <; » ^ ; 

Let r — (3 l , y — ft* say, where r. < y if i < }. Then we 
have 

w “(§«■*') (jk 

* v F i , i 


The coefficient of c,c‘j is given by 52 (x'l^ + xty'J.Now 

*<v 

5^ x'y J ^ x J y‘ - 52 * V- Thus the conditions r < y is 

J-^IJ r x V 

replaced by the more general condition x # ij. To evalu- 
ate the sum 5 ^ vi/ ; , we need to know the following: 

w-l 

52 U j = 0 unless / = 0 (a well-known result). 

j-u 

Thus, 

52 l/ J ~ 52 x * ~ xi * whenever / ^ 0. 

y*-T |/'*rl 

Therefore 

E x ‘y‘ = E *’ E ? ;i = 13 *' x E li *' i 

ja-y f-' / * i-'-n r n -i 

! = 0 if i 4- 7 = 0 mod n 
— n — 1 (in F) if i + / == 0 mod n. 

Therefore we have the theorem 

f. -1 n-t 

f 2 5 1 e n _i 5 ~ C-j 

i - ! 1-1 

6, Corollaries cf the Y> Formula 

Corollary 1. Let A be a cyclic code generated by /(x). If, 
for every y such that /(y) = 0, we have f(y~ 1 ) =^=0, then 
I\ for the code A is 0. 

Proof: Note that c, corresponds to f{p*) - 0. Thus, c, and 
c_i are never simultaneously nonzero by hypothesis. 

Co.ollary 2, If tv (a) == 2 (mod 4), then r 2 (a) = 1. 

Proof, r, = - — + '^\ ( 2” + ^ 

= (2m + 1) (4m + 1 = 1 mod 2. 

Corollary 3. All cyclic codes A with T 2 (A) — 0 have 
even weights u; which are multiples of 4. 

Corollary 3\ All cyclic codes A with I\(A) = 0 of length 
n = 3 (mod 4) have only weights = 0 or 3 (mod 4) occur- 
ring, Similarly, if nasi (4) and T 2 (A) ~ 0, only weights 
= 0 ci 1 (mod 4) can occur. 

7. A General Theorem on Weights 

Theorem: Every vector in the class of [p, (p + l)/2] 
cyclic codes, where p = — 1 (mod 8) and x p + 1 ~ 
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(.v - 1) f„(x) f/x) where f»(x) t and f-{x) are n reducible 
of degree (p ■- i /2, has weight == 0 % mcd 4 . 

Proof- It can he shown that F^a) is for even-weight 
words in these codes. The details are omitted. 

The last theorem, when applied to uu y 

(23.1*2’ 'ode (Ref. 7, p. 70b proves that the code is triple- 
el ror-corrccting. For the Bose-Chaudhnri bound says 
that the minimum weight of code words is at least 5. Now 
5 ^ 2; 11. so 7 is the minimum possible odd weight. And 
no words oi . 1<j ight 6 occur, since 6 0(4). This weight of 
7 is attained, since the sphere packing bound says that 
the minimum weight is at moat 7. Other proofs of this 
result have be**n given by computer search, as well as by 
proactive geometry methods (A. Gleason, unpublished), 
but the piesent proof is the shortest known. 


Nb5"324&9 

D. The Index of Comma Freedom 
in Kronecker Product Code 
Dictionaries 

J. J. Stiffter 

This article relates the comma-free properties of the 
Kronecker product of two linear codes to the comma-free 
properties of the constituent codes. These relations are 
useful in quickly producing codes with special comma- 
fret* properties. 


1. Introduction 

Ltt A be a dictionary having M ?n -symbol words 
a } ™ u( , a] , • • • , , the symbols a[ being elements of an 

r - ary field. The dictionary is said to have an index of 
comma freedom d M {A) if m - rf„(A) equals the maximum 
number of zeros in the m-tuple 


> { a[ l — a j - 9 uy 




u 


n 

+ I 


— a;-, «/y. 


— a' 1 , tx 


h 

iii-i-. 


ay 


a 


u — 

m 


* a 


h i 
*- 1 J 


(i) 


where the maximization is to be taken over all values of 
/i, /j, /-. and of J ^ 0 modulo m. Thus, d m {A) is a measure 
of the difference between any code word overlap and any 
true dictionary code word. 


Let A he as defined in the pre 'ious paragiaph, and let 
B represent a dictionary having N n-syirbol r- ary words, 
b t ~ *** ,/T). The Knonecker production diction- 

ary A \ B is defined as 


«! B a :- B > •«;„ B 

n\B u:B. , a; B 


AxB = 


(2) 


uJ'B a'jB, ,a IB 

The dictionary A x B, then has MS words of length mn, 
a typical word having the form 

a; b,, a' fc,, •• * .a^hi (3) 

where 

a', hi = -i- /?;, a* -f P\, • ■ ■ ■ , a- - j8;,, (4) 

the addition being taken modulo r. The distance proper- 
ties of Kroneckv. r product codes are well known. In this 
article we are concerned with the index of comma free- 
dom of such codes which is considered later in Section 2. 

The index of comma freedom is a meaningful measure 
when the code in question is to be used over the r-a**y 
symmetric channel. 

Another application of the codes defined above, how- 
ever, might be in the generation of phase-codes. Here if 
die v xh symbol of the / th word of the code is a o', it is 
represented by the waveform (2)’ 8 cos [<> ( t + (2ra')/r]. 

In this case the number of components which two code 
words have in agreement ceases to be of prime concern, 
Rut'ier, it :■> the correlation between tlies* code words 
that is the measure. Thus, in Section 3 we consider the 
maximum correlation that can occur between any true 
code word of a Kronecker product dictionary and any 
overlap word. This is the analogue of the index of comma 
freedom for phase codes. 


2. The lindex of Comma Freedom 

Theorem J: Let A denote a dictionary with m symbol 
r- ary words a j = (<x{,uL • * • ,ajj and B a dictionary of 
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1 


r*-s)mbol r-ary words b, = (f}\ y ft!, , • • * Let 
be the maximum number of times any one of the r 
symbols of the alphabet occurs in any /-tuple obtained 
by subtracting the l symbol suffix of the j th woid in A 
from the 1 symbol prefix of any word in A, where the 
two words need not be different unless / === 0, modulo m, 
and let N A (/,?) be identically defined except for the inter- 
change of the words “prefix" and “suffix.*' 

Let Ma(i^), N fi (i,k), M AxB (i,j,t ), and N ATH (i } j t t) be simi- 
larly defined in terms, respectively, of the dictionary B 
and the Kroneeker product dictionary AxB. 

Then 
max 


(5) 

X [M^m+N^n -k)]n max + N A (j,m - Z)]|. 

Proof: Consider the maximum number M AxB (Lj y t) of 
times any symbol of the alphabet can occur in the 
f-top.e fonned by subtracting the last t =- In k sym- 
bols of the mn-symbol word of AxB 

«{ + ft, ft + ft, -A + ft,, ft 

ft + ft , o’ + ft ,n> m + ft 

from the corresponding symbols of any overlap word 
(h and i. can be any integer from 1 to n, and U any 
integer from 1 to m) 

«n, + ft\„ • • • - «{:. + ft, ft\, + ft, • • . «ii + ft, ft 

+ 8‘\ ■",«{* + ft, + ft\\ • • • , «]■ t + ft 
By definition 


M,rn m = £ L [(ft + ft) ~ K’-on-n 

* n >(2 n=n~k+i 

+ ^Va,)]+ t tft[« + ft) 

I'.-D-ltl Jt“1 

~ + ft,*)] 
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where cl P (x) — if * ^ P Rearranging terms, -yc have 

M ArB (i,i,n = max j E E ft [(ft ~ 

h Ji-p /x-H-fc* l 

>/l M 

+ + E [« 

(6) 

But, unless k » 0 mod n. 


max E [(“v - + (ft ~ ft-,,-*,)] 


max [W.t TB ( i,i,t ) + N AxK (i.j,mn - X)] <max ( m "? ax 


(7) 


and 


n~k 


max Eft [(ft ~ «&<-») + (ft - /»£*)] 

hj2 >P M" 1 

(3) 

Consequently, if fc =z£ 0 mod n, 

M, 4 ,* (i,/,£-/n-4k) ^ (Z41) Af* (i,k) 4 lN B (i,n-~k) 

(») 

A similar argument establishes that, if k ^ 0 mod n, 
N AxB (ij,mn-t) ^ (m~l)N B (i y n~k) \f B (i,k). 

(10) 

Consequently, if k # 0 mod n. 

Math ( i,j 9 t ) 4- (W,mn- 1) ^ (Z+l)M B (t,k) 

4 iNai^n—k) 4 fc) 

4 (m - 1 - k) = m[M* v i>V> 4 N*(f,n ~fc)] 

(!*'./ 

If both l s 0 mod m and k as 0 mod n, then £ ss 0 mod mn; 
and the “overlap” word is actually a true word. If 
k ss 0 mod n arid i # 0 mod nj, it follows from Eq. (6) 
that 


MW) = . max E E d > [K - a t%r.-i,) + (/»; 

h>h>P M- 1 


*;•)] 


(12) 


mi 
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Similarly, 

N ull (i,j,mn-t ) = max ££ d, [(u> - «'•,) + (f)‘ u 

l i tf-.'P /i - 1 y= i 

-j8;-)]^n.V ,(;>-/) (13) 

Thus, if / ^ 0 mod mn. 


max 

t 


M -r iV.im(i,/,Km— f)J ^ max j "lax m 


jh/,.(i,fc) + max A/. ,(/,/) + IV ,(j,m - ?) J|, 

(14) 

which was to be proved. 

Corollary 1: Let A be a dictionary of r- ary m-symool 
words and 8 be a dictionary of r-ary n-svmbol words; and 
let M Mn{i,k) and N r (ik) be defined as in 

Theorem 1. Then the index of comma freedom d mn of the 
Kronecker product dictionary AxB is bounded by 


rf„ ln >min-|m f n ~ ~ .Vs(«,n-fc)"l , n 

( kj±0 L J 

77 f m - M ,(/./) - (15) 

(#0 L 


p iocf : This follows immediately from Theorem 1 upon 
observing that the index of comma freedom <i\ of a dic- 
tionary D of s-symbol words is bounded by 




7’ n \i - M LI (v,t) - N 0 (v,s-t)] (16) 

f#0 L J 


Note that, from Theorem 1, the index of comma free- 
dom of dictionaries, which are Kronecker produck, of 
Kronecker products, can also be bourded. Suppose, in par- 
ticular, that D is a dictionary of s-symbol words and that 


max r 1 

,, t Mo(vi) 4 Aff/v'.s—t) 

t/0 L J 


s~L 


Then d 9 ^ 1, the index of comma freedom of the dic- 
tionary DxD, is bounded by 

do ^ s 


Similarly, the dictionaries (D x D) x D, (D x D) x (D x D), 
etc., have indicies of comma freedom bounded by 

d A< 

respectively, and in general, it is possible to generate a 
dictionary having .v* jl -symbol words such that 

(h* v ^ s- v - 1 . 

Corollary 2: If the code dictionaries A and B form 
groups of m -- and n — tuples, respectively, over some 

finite held and if A contains the in -tuple 11 1 and 

B the m-tuple 11.... 1 (e.g., if each group is generated by 
a polynomial which is divisible by the polynomial x — 1), 
then 


d,.,„;^min [md B , nd„ t ] 


(17) 


where d ii: and d n are, respectively, the indicies of comma 
freedom of the dictionaries A and 8, and d wn is the index 
of comma freedom of their Kronecker product A x B . 

Proof: If A contains the m-tuple 1L , .. . 1, then 

• / tn - i 

<i - (A) = «S.o{ m - 5 ~ 

’ n ) 

V-. HI-Ul * 


w here 


, , v jl -t “ 0 

th(x) = io 


Changing the second index of summation 

. / »i- i 

d m (A ) = . . m . in . , ~ <m ~ Y f/„ (a‘, — a(,' ,) 

- L d » («i ; - 

V‘l » 


(19) 


““ ^°( a i S “ a l'K»i-l) + /Ja)l 

v-i ; 

The last step fo'lovvs from the obst nation that if a, 
~ (aj , a* , • ■ • , a, 1 *) u in A, then so is a, 4- b — (nj 4- 
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«2 + /?, " * > a «< 4- p) for any element fj in the field over 
which the group is defined. Therefore, 

“I *•« -*«-“§ 

/ 7*^0 

i 1 nun ( ) 

“Pa (<V “ ~ i,A: M t(*,0 - M A (um~lvr 

MO > 

This, combined with Eq. (15) of Corollary 1 proves the 
result. 


Proof : The result follows immediately from the defini- 
tions: 

+ mn-t) 

i»-l n~J; 

= (y^s'g* 


- E E 'K *i (y{:,.v S E» ..)* 

i-.-i 


Again, notice that the Kronecker product of two dic- 
tionaries contains the constant all-ones vector if the 
original dictionaries both contain the ali-ones vector. The 
property of Corollary 2, therefore, also propagates; the 
relationship holds for Kronecker products of dictionaries 
which are themselves Kronecker products. 


3. Maximum Word-Overlap Correlation 

When correlation rather than distance is the measme, 
it is possible to obtain results Similar to the., * of Section 2. 

Theorem 2: Let A be a dictionary of m -symbol r- ary 
words dj — (y{ yl £ , *•* , yj n ) and B be a dictionary con- 
taining n-symbol r-ary words b , = (8 j S', , ■ ■ ■ , where 
m jyi j = n | \ ~ l for all n, v y i and i. If p.iQijjJ) is de- 

fined as the correlation between the first / symbols of a Jl 
and the last 1 symbols of 

a h = E yi' (vji.o-h) j 

and p B (ii,L, k) is similarly defined, then the correlation 
between the word 

y{ *{. y{8l. • • • . y : 8‘. y ; , 8’,, • • • , vt y', SJ, , yj, 8; 

of the Kronecker product dictionary A x B and the over- 
lap word 

vi'.i 8 ili> Y;'., «ii, -y’l'.i S.V' Yii-J 8|‘> "" 

••• >y l: 6::>y\ ! »,*. ••• .y' 1 s;=, ••• ,yj*, K ! 

is given by (M., /,/..*) f /»?,„ (i.,i,j~,j,mn-t) = 

f>A(j,h>m-l) Pi<(i,i u n-k) + 1) p*(i„i,k ) 

+ 1) p„(i,h,n -k) 

where t — n/ f fc. 


+ E E r'r S !,(r£tm-H.i 8^,,-a,)* 

v.-m /i n- V - 1 


»i « -V 

^ E E vt S ,'< (vi- 

Vrlll-/** 


= E vi (yii,)* E (S/AO" 


+ e yj tot, j* e s ; 

1--1 


+ E vi (yJ-c«-»)-.)* E s ; (s; j .„ ._*,)* 

r-w-? /i- ii-A-t 




(20) 


~ p ,(/./ i . i »- 0 p„(iji>n-k) + p$(i„i,k) 

+ p* (h>iJ+L)p* (U.k) + p*(U,j,l) P g (i,i s ,n-k). 

The result is proved. 

Theorem. 3: If max \p.i(jj\J)\ = \p A (l)l , 

hU 

max \p H (i,i u k)\ = \p„(k)\ , anc! max jp, , ( i , /„/,/, ,Z)j 

Mi Mi. Mi 

“ !p.ix*( f )i , then 

!p.ix»( 0| t kx«f mn- 0|<k/n»“0|!/> s (n-fc>| 

4 l)||p„(fc)| + | p . t (Z + l)|S Pi .(A-)| 

+ M*)|| P >~*)| . 
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Further, 


max 


lax i 

t Vu«W | + | ^ 

MO ' 


max 


( max max , ...J 

j o (kW! " W n ~ kY ) - ? J 0 (*#i - )j (22) 

• Proof : !?,,„(/): + ! p. UK (mn-t)\ 

= . maX i/. 1 (/./ I ,m-Z) Plf (U I ,i*-fc) -f- pSP.-W! 

Mu/Ji 

-f max VT (/W-^ 1 ) Prt (*V»k) ^ P* (/ -/'0 P«(Mo,n-fc)! 

M-’?/?/- 

. max ! p ,(/,/,.»»-/) ' Pll (i,i v n-k)\ - ™ V f ! Pl 0./ I> m-?-l)" P „(Mp fc ): 

J - . max ■ Pl (;,/j- , -»iV t (u s -fc); + ;Tn 

= ;,,(m-/)|| PB (n-fc)i + | P ,( mi — Z — 1 ) ; jp B (/c) | + ip,Mh>#)| + k(0|.P>-*)| i 
max , i 

x t 'p !j;i (f)i - |p. lr «( mi,-f> i\- 

MO 


< m ^ X k Jn-k)' 4 V t (m — Z— 1)|1 Pjt (A)i -f jp ,(? “ ■l’' 5! p / (*)j + l/»,(*) ! k/ n fc )|[ 

MMO' 


(23) 


i n f r«i-/ 

< mrx k 

/MOL '» 


I 

p n (;i-fc) -r 


1-/- 1 


P-(W 


i+I 

m 

,\ max 


p»(*) 


4 - 

m 


?«('* *) J 


max / 

, I ['p/m-ni + Ip^l] 

ly ■'* / 


ax \ T(W(n- k )\ + !p,(W j)T (!»>- f >l + M n l) 

’mo MO 


Theorem 3 is proved. 

Thus, again, wo have a situation in which the desired property in dictionaries 
con sen ed in their Kioneeker product. 


Since Re [f* Ar JJ) A ' p, 

< jp u „(0 +p i ,i,( mn ~ tY ( 24) 

< Ip.u/X^l + |p,,„(»» , - f )| 

both the real part and the absolute value of maximum correlation between any 
code word and any overlap word of the Kronecker product dictionary are also 
bounded. 
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A. Minimizing VCO Noise Effects 
in Phase-Locked Loops 

R. C. Tausworthe 

1. Introduction 

One of the limiting factors governing the design of 
narrow-band phase-locked devices is the phase-noise 
inherent in the output of the voltage controlled oscillator 
(VCO). This noise, which appears as random fluctuations, 
drift, etc., is sometimes referred to as' oscillator instability.” 
However, the term “instability” in oscillator context usu- 
ally refers to frequency deviations. Whereas the quanrity 
of concern in phase-locked-loop theory is (naturally) phase 
deviations. 

One well known characteristic of loop bandwidth is that 
the output noise due to noise in the VCO goes up as band- 
width goes down; whereas for output noise due to input 
noise, the opposite is hue. Thus, there is an optimum 
bandwidth for the loop. But there are also other effects: 
at a given loop bandwidth, the loop damping behavior 
can be optimized; and one may also expect these answers 
to change according to which type of spectral law the 
VCO noise follows. 


Th's article presents a model for VCO noise which 
agrees well with the observed behavior of some actual 
VCO s. It also shows ihat an overdampec loop is prefer- 
able to an underdamped loop. Dependi* g on measured 
parameters, the optimum bandwidth can then be computed. 

2. Fundamental Loop Behavior 

Using a linear theory of the phase-locked loop (Ref. I 
the output phase is (Fig. 1) 

e(t) = L(p) |V, + MO 

in which the quantities above are dehntd as follows: 

A. 

0(i) — output phase function 
B(t) = input phase function 

L(s) — overall closed ioop phase response function 

p — , the “Heaviside operator” 

n(t) = input noise translated to baseband 
A = rms input signal power 

n, (f) = the equivalent VCO phase noise referred to a 
unit-gain VCO input. 
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0 + nU)/A 


In these terms, the loop response is 



LOOP FILTER 
axrU) 



Fi^. 1 . Linear model of phase-locked loop 
showing VCO noise present 

More specifically, the loop response L(s) is given by 

. AKFjs) f: 

W s+AKFls) 

where K is the total open loop gain, and F(s) is the loop 
filter. For the purposes of this analysis, we shall assume 
that AK > 1 and that F{s) takes the jnuch-used form 


tv \ 1 r ^ 


then L(s) take; the tom; 

L(s) = 


1 + ts, + A(C* 3 


It is also convenient to aefine a ratio f 


It is quite straightforward to show that the loop band- 
width B l , defined as 


B l — ■— L(ju j) (L 


is approximately 


that critical damping occurs for r — 4, and that for r < 4 
the damping factor f is approximately 

{ - 4" ^ 


L( s ) — / ^ ill ; 


1+ (wV 
(#)• + (*£)■ 


That part of the output phase di e to "noise” tnus has 


kTB L , 1 jl-Lfr.)!* 


- + _L f 

9 . ■_ 2,j- 


5, r , r (/w)da> 


where S K ^ c {jv) is tlie spectral density (Ref. 2) of the VCO 
noise (referred to its input), k is fioltzmann's constant, and 
T is the effective input noise temperature.' 


3. Tfc- Effects of VCO Noise 

There are several factor* which contribute to the spec- 
tra) makeup of nJ x t). The two most important terms which 
logically, as well as in practice, make up S Hr „Jj<i>) are 
(1) white noise (such as thermal no»se) generated in resist- 
ance and cuuni tubes in the oscillator input circuit, 
and (2) noise with a 1/f spectrum (as discuss* d in Ref. 3) 
associated with the transistors, varactor diodes, carbon 
resistors, etc. This suggests that the equivalent VCO inpul 
noise has a spectrum of the* form 


c /• \ 2ttN lr 

‘ v »»r . j i 
jci7 ; 


Of course, the l/f law cannot extend completely down 
to zero frequency (otherwise theie would be infinite noise 
power generated); rather, it only extends down to some 
small frequency e. However [1 — L($)]/s has a zero at the 
origin w hich nullifies the necessity of having to evaluate €. 
Insertion of the above expression into that for cr yields 
the following: 


kTBi. . 

A i ' + 


/r-el\ N\ r . , N iv 

(rsr)-Bi ■ s«7f 


The function g(r), shown in Fig. 2, is given by 


lb !V ( 


r > 4 

4 )J lr-2- 4)J 


’This bandwidth is not the same as the “equivalent noise band- 
width’* as defined by Davenport and Root, (Ref. 2), who define it 
as doubly infinite integral divided by j L(/w) j *,„***. 


f (r±lY 

1 8 [r 1 (4 r)] 


~ a “" viftr] 
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Note that die expression for exhibits the behavior 
we referred to earlier; namely, that there is some opti- 
mum way to pick and r, depending on the VCO noise 
spectral density. The constants N or and .V lr can be evalu- 
ated by measurements cn che v CO such- as those appear- 
ing, for example, in Ref. 4 . 


its best value: Straightforwardly, B L is*the solution to the 
equation 



/A*.v !r v 

CJ,4 i kT ) 


4. Optimization of B L and r 

As rhown in Fig. 2, there is quite a broad range of r 
fcv which g(r) is fairly consent and jiearly equal tc its: 
minimal value of 0.3872 at r — 5.22. A quite useful range 
to use this approximation fcr g(r) is from about r = 3 to 
r = 10. Outside this region g(r) is increasing, drastically 
when r < 3 and more slowly for r > 10. 



Fig. 2. Relative contiibuiion of 1 / f VCO noise to 
closed-loop output jitter, as a function of r 


On the Dther hand, the coefficient of A 7 m , he., (r-rl)/8r, 
is monotone decreasing for all r, asymptotically approach- 
ing the val e 0.125 as r becomes infinite. However, for r 
larger than 5 or 6, for most practical purposes, we can 
easily use the value 0.125 with little consequence. 

As a conclusion, then, we see that the optimum value 
of r lies to the right of 5.22 and probably is less than 10, 
if any N lv component is present at all. In fact, the differ- 
ence between v mi „ iniU m 2 and <r 2 for any r between 5 and 
10 is inconsequential insofar as <r is concerned. The same 
statement cannot, however, be made for r< 4 (an under- 
damped loop). Thus we may take a value of r =■ 7 as 
being practically as good as r op t „»«,», regardless of the 
other parameters. (This reasoning removes the necessity 
for differentiating a- to find the exact value of r opt .) 

We can now use this value of r, differentiate */- with 
respect to equate the zero, and solve for B /( to find 


An Example 

Just to see how a typical design should be made, let 
us asst .me that we have parameters 


^ = 3X](T 


N or = 0 

N tr - 0.0S 


The first of these is typical fo: an Earth-spacecraft Irak 
at the distance of Mars, while the values of N or and 
have been approximated from VCO records in Ref. 4. 
The best value of fi L is, therefore. 



= 13cps 


and the optimum loop transfer functica is 

r , 1 -i- 0.154s. 

L op imvtn (s) - j + ai5 ,^ + 3 38 x 10 - 3 S .- 

These parameters also produce a phase deviation of 
a = 2.5 X 10~ 2 rad — 1.43 deg mis - 


6. Conclusion 

Perhaps it should be mentioned* that designs of this 
type are most valid for oscillator "clean-up” loops, space- 
craft tracking loops, and situations wheie the tone to be 
tracked is very pure. Design of the ground receiver back- 
ing loop would probably not use this analysis since its 
loop must track phase deviations imposed on the carrier 
by the noise in the spacecraft system. There are other 
considerations, also, which must be made, such as fre- 
quency acquisition interval, lock-in time, and dopplor 
tracking rate. This discussion should be treated merely as 
a guide to determining what the ideal bandwidth is from 
a minimal noise point of view. 
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B. Optimal Design ~of r One-Way 
and Two-Way Coherent 
Communication Links 

W. C. Undsey 


which will enable the design engineer to ,\c at 
‘"best” choice of up-link parameters. 

(1) Total power radiated on up -link F 1 

{£) Single-sided noise special density N M at vehicle 

(3) Up-hnk data rate iRt = 


the 


In the design of one- or two-way communication links 
(or n-step links for that matter), the design engineer 
usually has at his disposal a set of basic communication 
parameters and constraints which determine and affect 
the performance of the overall system. In SPS 37-32, Vol. 
IV, and Ref. 5, a theory vas presented which specified 
the unoptimized performance of an “n-step ?> communi- 
cation network (Ref. 6); these basiv communication 
parameters were introduced for several system con- 
figurations. It was showm, among other things, that the 
performance characteristic for a coherent two-way com- 
munication link (of the Mariner type) possesses an 
irreducible error probability which depends on the ad- 
ditive noise on the up-link. No attempt, however, was 
made at optimizing system performance with respect to 
variations in the design parameters, e.g., minimizing the 
.error probability by selecting optimum values for the-, 
rtfoduletion indices. 


(4) Vehicle carrier tracking loop bandwidth B Ll 

(5) Up-link modulation index m x — P c 

and also the corresponding down link parameters P 2 , 
- N 02> — T~ b \, B Li , and m 2 = Vci/Pi. We shall then 

determine that value of m„(u = 1,2) which minimizes 
the probability of error P £ (n) (n = I, 2) say P Eo (n), for a 
fixed total power P„(n = 1, 2) and for a fixed data-rate- 
to-carfier tracking loop bandwidth ratio, say Sl*/B Ln 
[n = 1, 2). This design technique will be given in the 
form of a universal set of system design curves. 

I . Review of the Basic Model 

We assume that we have available a set of signals, 
say x*(f) ( k == 1, 2), which are used to phase modulate 
*■ an RF carrier. The relative cross-correlation between 
this signal set is given by 


In this article we consider the communication liuk __ 1 j Tl 

depicted in Fig. 3 (Ref. 5) and specify design trends * E J 0 



Fig. 3. Two-way communication link 
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where E is the commori signal energy 

E = / r ‘ j x,.(t) | 2 dt 

Jo 

and 'i\ is the duratrm of each signal. For transmission of 
negatively correlated signals ( PSK/PM ) A = — l, and 
x k (t) = ±: 1. For the transmission of or f hogonal signals 
A = 0, x,(f) ~ 0 and x«(t) = 1; however, iv this case the 
transmitted waveform must be of the form 

f(t) = y2mP sin at -r \/2[F- m 2 ) Px k (t) cos cut; A = 0 


m here 

= < 2 > 

1 itJt^O 

2 if A > 0 

and h(x) is the modified Bessel function of order k and 
argument x. It is quite apparent that any attempt to find 
the value of m, which minimizes Pz(n), by differentiation 
immediately presents formidable difficulties. However, 
the surface generated by this equation can be easily 
studied on the IBM 7090 computer. In the next section 
we shall present the results obtained by this method. 


which is a bit more difficult to genera than is 

4(f) — VSFsin {U 4- [cos- ! m] a = — 1 


for the PSK/FM waveform. 


Without belaboring the mathematical details, which 
are not of great interest here, we specify the probability 
that our detector will err. This probability', as a function 
of link position, is given by 


1 fit / 0 [ («i 4- m 2 2 S ,R 2 exp (fo a )|] 

F ° ini = y / 0 — dh 

f __ ~W exp (~ t ) dx (J) 


where 


P,T bi (l - A) 2P r , _ 2 jSR, 

- ~ N 02 ’ 1 N n B Lt ’ 2 B te (l - A) 


Olj 


If we let a x approach infinity (n = 1) and drop all sub- 
scripts on the remaining variable in Eq. (1), we have 
the performance of the detector in the vehicle. Further, 
it may be shown that Eq. (1) integrates to 


P,(„) = exp [- 3= (l-m;)]‘ 

(-1)* i (n) (1 - ikV h (l-m^]j- 


2 . Design Characteristics 

A careful study of the parameters involved in Eqs. (1) 
and (2) leads one to the conclusion that by fixing ai and 
the da fa -rate-to-loop-bandwidth ratio, the error rate P s (n) 
versus "modulation index" in = PJP (using R n as a run- 
ning parameter) characteristic serves to illustrate contours 
on the surface of P E (n). Since P E (n) will reach a minimum 
value for some the optimum m and error rate 

will be clearly depicted. 

T r. illustrate the results graphically, we consider the 
one-way link performance characteristic, i.e., a x = oo. 
Fig. 4 represents the P E (n) versus m characteristic. Notice 
that this character^ dc assumes its minimum value at 
m = m 0 pt,mum and increases to one-half on either side of 
rftoptimum- Tliis interesting behavior may be explained as 
follows: For m< 0i _ t t m«». the tradeoff between power in 
the carrier ai d power in the data is overeApcnded in the 
data, and the performance of the carrier tracking loop 
suffers. For rn>tn optjmum the tradeoff between power in 
the carrier and power in the data is overexpended in the 
carrier so that the performance of the demodulator suf- 
fers at the expense of a smaller phase error in the carrier 
tracking loop. 

Fig. 5 represents the performance of the ground re- 
ceiver. In this case we have set the signai-to-npise ratio 
in the vehicle carrier tracking loop at 9 db. This corre- 
sponds to a typical Mariner design near threshold, i.e., 
communication at the greatest range expected. The be- 
havior of P E (n) versus m is similar to that obtained for 
the me-way link. The majoi difference \s that for large 
values of R the P E (n) versus m characteristic exhibits a 
“bottoming" behavior which is due to the presence of addi- 
tive noise on the up-link, These results serve to illustrate 
the deleterious effects which are introduced by demanding 
that a two-way link be established for transmission of 
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telemetry data. A better route to take is to use a clean 
carrier reference in the vehicle when telemetry data are 
desired. It seems, therefore, that in the engineering an 
effort ro develop such a system, would be of interest. 

Finally, Figs. 6 and 7 repiesent the optimized perform- 
ance of the link. These curv es were extracted from Figs. 3 
through 5 by taking that value of P £ (n) fc^ which 
nr = m optimum and ph iting the result versus R - PTt>/N c 
for a fixed 5 and a. Using th^se results the design engineer 
can predict the performance cf a one-way or two-way link 
given the link parameters; alternatively, he may carry 
out a particular design given the required performance 
constraints. 


Similar design characteristics for coded one-way and 
coded two-way links would be of interest. Preliminary 
results indicate a very inteiesting phenomena at the end 
points m = 0 and m = I, which is not noticeable in the 
performance of binary links. 

3. Sobopf//num Design 

In the preceding sections we elected to base the system 
design on attaining the minimum error probability' by 
selecting that value of m which yielded the minimum 
error rate given a fixed total power, system noise tem- 
perture, and data rate. Another design criterion (which is 
not as difficult to carry out) is to select that value of m 



Fig. 6. Optimized performance characteristics Fig. 7. Optimized performance characteristics 

for one-way links for two-way links 


294 



JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV. 


Comparing the* two different methods of design, given 
a particular set of design constraints, indicates that de- 
value of m which maximizes the sigml-to-noise ratio 
yields a value or m which is slightly larger than the vain*:: 
of m wh.'ch minimizes the error probability. These curves 
should prove quite useful in checking a particular design 
using experimental methods. 

4. Performance of One-Way Coded Links 

In this section we present preliminary results relative 
to the problem of designing a coded telemetry system 
which communicates information to the receiver in blocks 
of n bits per message stored at the transmitter. Briefly, 
depending on the information to be sent, one of 2" words 
(orthogonal) is used to phase modulate the RF carrier 
during a time period of riTb seconds. The demodulator is 
the cross-correlator, type and compute? the conditional 
probability that a particular message was sent, given the 
output y(t) of the carrier tracking loop. The decision 
device then examines all the correlator outputs and 
selects that message which corresponds to the maximum 
correlator output. 

Specifically, the design trends are determined as be- 
fore; Le., the average error probability’ is computed as a 
function of the modulation index for various values of 
the parameter 8. From these characteristics the minimum 
error probability is plotted as a function of the total 
transmitted energy-per-bit-to-noise ratio. 

Fig. 9 shows these results for n = 5; i.e., the signaling 
alphabet consists of 32 orthogonal code words for various 
values of S. For values of 8 < n “ r j the assumption that 
the cosine of the phase error remains constant might be 
suspect. If, however, it is assumed to be constant the 
results are shown in Fig. 9 for 8 ~ i. On the other hand, 
given the fact that the phase error varies over the word 
length then it is the authors conjecture that the result 
provides a lower bound on the performance of the system 
(Fig. 3). Variations of the phase error during time inter- 
vals on the order of nTi, seconds is analogous to the 
problem encountered in fast-fading communication chan- 
nels. This is a particularly difficult problem iO model 
and treat analytically. At the other extreme, i.e., where 
the phase error is constant over nT h seconds, the problem 
is analogous to that encountered in determining the per- 
formance of communication links which me disturbed by 
the slow-fading phenomena and additive noise. Conse- 
quently, in carrying out any particular design where 
orthogonal codes arc* to he used as a means of conveying 
information, it seem* necessary to constrain the data- 



Pig.9. Optimized performance chare cteristics 
for one-way coded links (n = 5) 


rate-to-loop bandwidth ratio }R/B L to be equal to or 
greater than the number of bits per code word. This 
constraint and its implications will be explored in the 

n “Jf65~ 32472 

C. Probabilities of Overflow and 
Error in Coded Phase-Shift-Keyed 
Systems with Sequential 
Decoding 

I. Jacobs 3 ’2— ^ 7 

A coded binary pbase-snift-keyed (PSK) system, in 
which sequential decoding is normally performed in real 
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time bur occasionally off-line, is considered for use over 
an additive Gaussian nois° channt 1. Both the probability 
of an undecodable block and the probability of unde- 
tected error in a decoded block are determined to be 
’ess than 10 when the energy utilized per bit is 3.8 db 
above the minimum set by the infinite-bandwidth channel 
capacity. After accounting for a 0.5 db degradation to 
permit word and decoder synchronization, an advantage 
remains ever a system using biorthogonal signaling (but 
no further coding) of 4.3 db for 32 biorthogonal signals 
and 2.3 db for 10:14 biorthogonal signals. (In both bi- 
orthogonal cases, optimum receivers are assumed with a 
word error probability of 10~ r \) Thus, this system has 
signal-to-noise advantages over biorthogonal telemetry. 

1 , Introduction 

In the analysis of sequentially-decoded systems, two 
parameters are of central importance, the probability' dis- 
tribution of computation time F< and the probability 
of error per bit P, ; (STS -37-32, VoL IV, pp. 303-306). It 
ne v appears that both can be expressed in terms of 
Gallager’s function E 0 (p) (Ref. 7), specialized to chan- 
nels with input symmetry, A input letters, Q output let- 
ters. and probability q tJ of channel transition from input 
i to output / 



In particular, sufficient (but not conclusive) analysis has 
now been completed on upper and lower bounds (Refs. 
S, 9) to indicate that the probability F r (L) that the mean 
cornputatiOii-per-bi f is greater than L is of Pareto form 

F r (L) = L~ a , L > > 1, (2) 

where the Pareto exponent a is related to the rate R f (in 
natural units) by 


2. Sysfem Efficiency 

The Pareto exponent a of Eq. (2) affects the rate 
[through Eq. (731 and thereby the achievable value of 
E b /E bt min Large exponents a are achieved only at a cost 
of increased energy-per-bit E b . Plots of £;,/£*,. min versus 
the storage parameter ft for several values of a are pre- 
sented in Fig. 10. The curve a — 1 corresponds to the 
curve for operation at R 0 presented in SPS 37-32 , VoL IV, 
p. <305. For « < 1 the expected number of computations 
calculated from Eq. l 2) is infinite. 



Fig. 10, Efficiency of coded PfiK system with 3-hit 
quantized detection and sequential decoding 
for severe! values of *he Pareto exponent a 


3 ♦ Probability of Overflow 

Assume, as in SPS 37-32, Vol IV, pp. 303-306, a 
buffer capable of storing 4000 words, each of /3 bits, and 
a decoder capable of performing 25 computations during 
the time interval between successive information bits. 
Then the probability of buffer overflow, assuming an 
initially empty buffer, is just the probability' that the 
number of computations exceeds 25 X/4000 — 10 5 , which 
is equal to 

F,(10 5 ) = 10 ^ (5) 


R r — E 0 (a)/a nats/channel use. (3) The probability P <} that a block of 1000 bits cannot be 

decoded without an overflow is approximately 

For the range of rates < \ interest, it also appears that for 

most codes is conservatively bounded by P 0 *** 1000 F<.(10 5 ) = 10 :i -™ 


P E < min c 
p 


[V„ (p) - pRr) 


( 4 ) 


or 


where K L the convolutional coder constraint length. 


f 

\ 


10- :J 


jo- s 


a -= 1.2 
a = 1,0 . 


( 6 ) 
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Thus maintaining a satisfactorily small probability of 
overflow sets a lower limit to a and hence *o E b /E bt m)n . 

It appears, however, that a P 0 of 10 3 or even larger 
might be acceptable in a system that permitted storage, 
rather than discard, of undecoded blocks. Additional 
factors of 1000 in time-ro-decode might then be tolerable, 
and the probability that a block would not be completely 
decoded might then be reduced to 10~ 5 or smaller. In such 
a case, a = 1.2 would be an acceptable exponent. From 
Fig. 10, we observe that a = 1.2 can be achieved with 
E b /E b , mtn ~ 3.8 db and ft = 21 storage bits/information 
bit (ft — 21 implies a rate R equal to 1/7; — i.e., 7 chan- 
nel symbols per information bit — and 3-bit quantization). 
An improvement of db could be achieved if a — 1.0 
were acceptable (operation at computational cutoff rate 
Ro), while only a 0.1 db degradation occurs with 
a = 1.2 if ft is decreased to 15 (rate equal to 1/5). 


4. The E Q Ip) Curve 

The set of parameters a " 1.2, ft -- 21, E b /E bt = 3.8 
db is achieved with a signal-energy-to-noise~power- 
density ratio E/N 0 for each PSK waveferm equal to 

E _ RE b _ „ ^ E b /N 0 m Ei iVUn 
No N c ~ E 0t min/ N 0 N 0 

or 



Fig, IT. Exponent curve for the discrete memoryless 
channel defined by transition probabilities 
of Table 1 


E 

No 


= 10 logio y + 3.3 db 4- 10 log i 0 (fn 2) 


= — 8.45 db + 3.8 db - 1.59 db «« — 6 db, 

( 7 ) 


When E/N 0 -- -6 db, the cascade of modulator, chan- 
nel, and quantized detector (see Fig. 15 of SPS 37-32, 
Vol. IV, p. 304 for details) can be represented by the 
transition probability diagram of Table 1. The resulting 
E 0 (p) curve is presented in Fig. 11. 


5, Error Probability Exponent 

The exponent in the error probability bound of Eq. (4) 
can be obtained from Fig. 11 by a geometrical construc- 
tion, as shown. The line from the origin to E 0 (a) has slope 
E 0 (a) /a — /L, by Eq. (3). The inter section of the straight 
line with the abscissa P ~ 1 is the rate R e , in this case 
equal to 0.104 nats or (0.104/0.697) =- 1/6.7 bits, which 
is dose to the rate R = 1/7-bits/channeI symbol ex 
peeled. The discrepancy is due to the roundoff to — 6 db in 
Eq. (7) in the value of E/N 0 at which R 1/7 is achieved. 
The maximum value of [E 0 ( P ) - P R ( ,] is achieved by the 


Table 1. Transition probability diagram, E/N„ ■= — 6db 


Input 

Output 

0 

0' 

0" 

0"' 

r" 

t /' 

1 

} 7 

1 

0 

l 01695 

0.22280 

0.26025 

0.26025 

0.16110 

0.06170 

0 01675 

0.00020 

1 

| 0X0020 

0.01675 

0.06' 70 

0.161 10 

0.2C025 

1 I 

j 0.26025 

l 

0.;.2280 

0.01695 
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value of p, say p*. at which a line of slope R t . is tangent to 
E. (/>), as shown. This maximum, [E 0 (p*) — p*R,] i can 
also he read directly as the a — 0 intercept of the tangent 
line. 


Finally, [E n ( f ,*) — p*R e ] /Re is obtained by the con- 
struction shown in the figure and has value 0.20. Thus, 
the bound of Eq. (4) becomes 

P B <c-°* K 

0.7 X 10" 4 , K = 48 
0.6 X 10-° , K = 60 
0.55 X 10- r , K = 72 . 

( 8 ) 



Experimental evidence (Ref. 10) as well as certain ana- 
lytical work (Ref. 11) indicates that most blocks in which 
errors occur require so much computation diat they are 
essentially undeccdable anyway. Thus, the probability of 
an undetected error is smaller than the bound of Eq. (8), 
perhaps much smaller. 


6. Conclusion 

Both the probability of an undecoded block and the 
probability of an undetected error in a block appear to 
be less than 10 5 when a convolutional coder with con- 
straint length of 60 or larger is used together with a PSK 
modulator, 3-bit quantized detector, and a sequential 
decoder with provision for occasional noiireal-time de- 
coding. The required energy-per-bit is only 3.8 db above 
the absolute minimum. However, assuming that the data 
are divided into blocks of A000 information bits and that 
decoder resetting and word synchronization require 100 
bits to be “wasted,” an additional V > db must be added to 
the energy used per information bit, producing the final 
value of £ b /E b , min = 4.3 db. Biorthogonal signaling wTh 
optimum reception and a word error probability of Ur n 
requires E b /E btimn — 8.6 db, if M = 32 biorthogonal 
signals are used; and E b /E b , in in - 0.6 db, if M = 1024 signals 
are used. This latter number appears to be an upper bound 
to the values of M for which optimum reception can be 
implemented for biorthogonal coding. 

The analysis reported here is not numerically tight, 
but it is intended a s a guide for experimentation. The 
value of a, K, fi, and E&, together with the choice of a 
code, can be tested by computer simulation. The pro- 
gramming of a general purpose computer as a decoder 
appears quite feasible for data rates under 100 bits/sec. 


j D. Sequential Decoding with 
Biorthogonal Alphabet and 


List De 


wecoaing 

I. Jacobs 


3 




M-ary biorthogonal modulation and list decoding is 
considered for use with convolutional encoding and se- 
quential decoding on a coherent additive Gaussian noise 
channel. Performance is found to be degraded from that 
achieved with binary phase-shift-keyed (PSK) modula- 
tion and 3-bit quantized detection (SPS 37-32 , Vol. JV, 
pp. 303-306). The preceding article entitled, “Probabili- 
ties of Overflow and Error in Coded Phase-Shift Keyed 
System with Sequential Coding” extends the analysis of 

,he binary PSK ays,™. (jXCCUb 


1 . The Sys/en 

In SPS J 7-32, Vol. IV, p. 303, a communication system 
is evaluated. It consists of a concatenation of convolu- 
tional coder, binary PSK modulator, coherent additive 
white Gaussian noise channel, correlation detector with 
amplitude-quantized output, and sequential decoder. As- 
suming operation at the computational cutoff rate R n of 
the sequential decoder, the ratio E b /E b , mtn and the 
storage-per-bit fi were determined as parameters of sys- 
f em bandwidth (i.e., of energy per PSK waveform), where 
E 0 is the energy used per information bit transmitted; 
Eb,mm == N„\n 2 is the minimum value of E b determined 
by the channel capacity of an infinite bandwidth additive^ 
white Gaussian noise channel; and ft is the number of 
bits of storage required in the sequential decoder per 
information bit. In particular, 


0 = lo s.' Q 


(i) 


where Q is the number of quantizer levels at the detector 
output. 


We here consider the use of an M-ary biortbogoaal 
signal modulator in place of the PSK modulator. A co- 
herent correlation detector is again used; but now, fol- 
lowing reception of each biorthogonal signal, an ordered 
list of the L most likely signals (signals with largest 
correlation) is provided the decoder. Since log 2 M bits is 
sufficient to store each member of the list and since 1/R ( , 
biorthogonal signals are transmitted per bit of informa- 
tion (assuming operation at rate R 0 bits/channel use), we 
now have 

/? = log, M storage bits/information Bit. (2) 

•to 
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Fig. 12. Efficiency of M-signol bierthogonal modulation operating with sequential decoding and list-of-i. defection; 

(a) M - 4, (b) M = 8, (c) M = 16 
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Furthermore, if the energy in each biorthogo.;.:l signal is 
E, then the energy-per-bit E b at rate R 0 is 

E b = E/R 0 . (3) 

In SPS 37-23. Vo!. 1V S p. 303 we found th~t the PSK 
modulator and 3-bit quantized correlation detector pro- 
vided values of Eo/Et,*,,. within Vj db of the minimum 
possible for eperation at Ro while using moderate band- 
width and a value of in the order of 15. The substitution 
of biorthogonal signals is intended io achieve a decrease 
in / 3 fer a given Eb/Eb min. The hope wa_> that by using 
k-ger signal alphabetr, part of the reception burden 
could be transferred from decoder to detector, permitting 
decoder simplification. In every case considered, how- 
ever, binary modulation proved preferable. 

It should be noted that biorthogona! modulation is 
superior to orthogonal modulation for the system con- 
sidered. Kox only is the signal structure more efficient 
but also a detector output list of ske M/2 suffices to pro- 
vide complete information about the ordering of M bi- 
orthog jnal signal correlations, whereas a list of size M — I 
is required for orthogonal signals. 



y 

[cite (*•)] ,_l [erf (y) j " dy , 


where 


er ! (y) 



c' t: dt 


and 


erfc (y) = I - erf (y). (5) 

Li terms of these probabilities, R 0 for Iist-of-L decoding 
can be written 


R . (L) = log, M - 2 log. 


X) m + v^) 


x /6U-2L)il - 


2 . Analysis 

Let Q t 1 < i < L, be the probability that the trans- 
mitted biorthogonal signal appears in the i th position in 
the list of detector outputs. T)v s, Q t is the probability 
that exactly (? — 1) nontransmut ' • signals have a larger 
correlation with the received signal than does the trans- 
mitted signal. Let ()_* be the probability that the negative 
c ; . the transmitted signal appears f 1 on the list. It is easily 
shown that, for M biorthogonal signals of energy E and 
for white noise with double-sided spectral density N„/2, 



[erfc(y)}'-' [crfly)] 7 " dy , . 


I < L < 



( 6 ) 


3. Evaluation 


Eq. (2)-(6) were programmed on a dig cal computer tor 
M ~ 4, 8, 16, 32 and 64 and L — 1, 2, . . min, , g| 
E 

for a range of values of -rr- . The results are presented in 

* r o 


Fig. 12 as plots of E h /E h . inih vs ft. We observe that in no 
case does the performance match :hat of PSK modulation 
with 3-bit detector quantization; namely E h /E 6 . mi „ — 3.5 
db with 8 = 15. We conclude that with sequential decod- 
ing, use of biorthogonal modulation and list decoding is 
inferior to PSK modulation and 3-bit quantization on a 
coherent additive Gaussian noise channel. 


' £ 
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XXVII. Parts Reliability 


N 63~32474 

A. Capacitor Sterilization Test 
Program 

K. Stern 

Iii compliance with the NASA policy of sterdb.inc rdl 
spacecraft having a possibility of planetary impact an 
extensive electronic component sterilization test pro- 
gram is under way at JPL. The primary objective of this 
program is to establish a sterilization parts list (1PL 
Specification ZPP-2C10-SPLA that tabulates die electronic 
component parts capable of withstanding several 36-hr 
periods of non-operatiunal storage at 145 C without 
significant degradationjSeconJary objectives arc to study 
derating effects, compare vendor quality, and perform 
analyses on long-term failure modes. A general discus- 
sion of the component parts sterilization program was 
previously piesented in SPS .37-30, Vol. IV, pp. 279, 28C. 
A summation of. the capacitor sterilization test program ir 
presented here. ^ 

Fach of the elected manufacturers’ part types is divided 
into foer groups. Group A, consisting of 45 specimens, 
is not temperature-cycled and is the control group; 


Group B. consi-lin^ of 45 specimens, is temperatme- 
cycled three times, each cycle consisting of 36 hr at 
145 D C followed hv 24 hr at 2 .VC; Group C. consisting 
of 45 specimens. is temperature-cycled six times under 
the same conditions as those for Group B; Group D. 
consisting of 15 spec 'mens. A temperature-cycled six 
tinier under the sam v . conditions as those for Group B. 

.Viter temperatme cycling, parametric measurements 
for capacitance, dissipation factor, and insulation resist- 
ant* * are compared with the initial test results and ana- 
lyzed for significant changes. Ail test groups are then 
subjected to a 10,000-hr life test to simulate the long 
flight periods of planetary missions. During this life test. 
Groups A, B. and C are operated at maximum rated DC 
voltage and tempt rature. Group D parts are stored at 
maximum rated temperature, non-operaiional. Groiq, B 
(3 cycles) and Group C (6 cycles) are compared with 
Group A (control group) at specific periods during the 
life test to detect significant parametric changes. Also, 
the “catastrophic” failures are monitored daily during 
ihe test. 

Upon completion of the 10,000-hr life test, Group D »s 
removed from temperature storage and, in conjunction 
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with Group C. is Mibjott'ed to maximum rated DC volt- 
age and temperature tor an additional 250-hr life-tey* 
period. The purpose of testing Group D is to simulate 
conditions when* flight equipment is involved in ex- 
tended non-; t rational-tv pe missions, being turned on 
remotely at or near its destination. Group C is iiu hided 
.is a control group operated at maximum rated DC volt- 
age and temperature to .simulate an ( xtended operational 
mission. 

7. Description of Test Items 

A iotal of 4200 capacitors representing 28 distinct types 
of the following dielectrics was selected for the test pro- 
gram: ceramic (medium K style), porcelain, glass, mica 
(dipped style), solid tantalum foil tantalum, paper/ 
plastic*, and Mylar. Prior to ordering the units, the pur- 
pose of the sterilization test program was explained to 
each capacitor manufacturer whose parts were selected 
for evaluation. Therefore, each manufacturer had the 
same opportunity to submit “premium" capacitors with 
the best capabilities of meeting the objectives of this 
test program. In addition, the manufacturers were- re- 
quired to burn-in each capacitor tor 250 hr at maximum 
rated DC voltage and temperature prior to shipment. 

2. Status of Test Program 

The capacitor phase of the program is nearing com- 
pletion; the test was initiated on July 15, 1963, and is 
expected to be completed by June 15, 1965. 

3. Tesf Conclusions 

a. Effect of sterilization , The dielectrics most signifi- 
cantly affected by sterilization temperature cycling were 
the ceramic and solid tantalum types. 

Ceramic dielectric. The capacitance and dissipation 
factor of the ceramic dielectric increased as a result of 
sterilization. However, during the 8000-hr life test at rated 
DC voltage and temperature, the capacitance and dis- 
sipation factor decreased gradually and approximated 
the values observe 3 before sterilization. The temporary 
increase in capacitance and dissipation factor resulting 
bom sterilization is probably acceptable, providing the 
circuit applications permit a maximum capacitance in- 
crease of 20 7c and a maximum dissipation factor value 
of 2 .57c at 1 kc. 


Solid tantalum dielectric As a result of sterilisation, 
tb- insulation resistance of certain test coch s decreased 
by a factor of 10. Alter J 00 hr of life testing at rated DC 
voltage and temperature, the insulation resistance of 
these test code.-, increased to the values observed prior to 
sterilization. However, at tie- same time several catas- 
trophic failures occurred in one of the test codes whose 
insulation resistance was affected b\ sterilization, where- 
as the first catastrophic failures of the test codes un- 
ati .ted by sterilization occurred alter 4000 hr. \fter 
8000 hr of life testing, the test codes affected by steril- 
ization had only a slight!) greater number of catastrophic 
failures. 

Although this evidence is inconclusive, it would ap- 
pear that solid tantalum capacitors whose insulation 
resistance is significantly decreased as a result of steril- 
ization are more likely to become catastrophic failures in 
a shorter time when stressed at rated DC voltage 
and temperature. However, test codes whose insulation 
resistance was unaffected b\ stenli/ation produced catas- 
trophic failures after 4000 hr of life and became pro- 
gressively worse thiough 8000 hr. probably duo to 
wear-out caused by stressing at maximum rated DC 
voltage and temperature. In an attempt to reduce tin 
number of carastrophic failures avd to isolate the effec. 
of sterilization from normal wear-out, a retest of soli'.i 
tantalum using a voltage/temperature type of matnx 
will soon be initiated. 

4. Future Tests 

a. Continuation of life testing. In order to acquire use- 
ful information regarding the wear-out behavior of 
specific dielectrics under longer ''Tin operating life con- 
ditions, the following die' Uri< types will be tested for 
ar. additional 8300 hr- ceramic (medium K style./, porce- 
lain, glass, solid tantalum, foil tantalum, and Mylar. 

b. Retest of neic specimens. It is planned to retest new 
specimens of certain dielectrics using [PL, specifications 
for procurement in order to test the eflcctiveness of this 
method of procurement in providing product improve- 
ment. The new specimens to be tested are: ceramic 
(medium K style), porcelain, glass, solid tantalum, foil 
tantalum, paper/plastic, and Mylar. In addition, a 
voltage/temperature matrix will be used for this retest 
to determine the possibility ot extending the time to 
wear-out by means of derating. 
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